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ABSTRACT OF THE DISSERTATION
Post-traumatic Elbow Contracture Characterization and Physical Therapy-based Treatment
Strategies in a Preclinical Model
By
Alex J. Reiter
Doctor of Philosophy in Mechanical Engineering
Washington University in St. Louis, 2021
Research Advisor: Spencer Lake, Ph.D.
The elbow is the most commonly dislocated joint in the pediatric population and second
most common in adults. As one of the most congruous joints in the body, slight changes in
biomechanics due to injury can lead to drastic reductions in range of motion causing potential
quality of life issues. Post-traumatic joint contracture occurs in 12% of patients following elbow
dislocation or fracture, and it is characterized by a loss in ROM, joint stiffness, and pain.
Preventing joint contracture and functional deficits from occurring is one of the primary goals
when managing these injuries. A rat model of joint contracture following simple elbow
dislocation was developed to replicate this debilitating clinical condition. Previous studies
quantified the temporal elbow ROM losses in both flexion-extension and pronation-supination
and elucidated tissue-specific contributors to motion loss. Additionally, previous work examined
periarticular histological changes at different stages of injury/healing. Building upon this
foundation, the work presented herein quantified additional clinically relevant outcomes in this
validated animal model including joint functional changes and sex-based comparisons. In
addition, physical therapy-based treatment strategies were evaluated to determine their
xiv

effectiveness in preventing or improving outcomes that accompany this debilitating condition.
Functional measures of grip strength and gait showed long-term deficits with limited recovery,
male and female animals demonstrated similarly debilitating outcomes in joint function,
mechanics, and morphology, and the timing of active joint use following injury was determined
to have a direct impact on elbow function and mechanics. This work significantly advances our
understanding of post-traumatic elbow contracture. Ultimately, the work presented here, as well
as future proposed studies, can help inform clinical treatment strategies necessary to prevent
elbow PTJC. While a specific traumatic elbow injury is investigated here, principles from this
work could extend to different elbow injury patterns as well as other joints susceptible to PTJC.

xv

Chapter 1: Introduction
1.1 Motivation and research aims
The elbow is the most commonly dislocated joint in the pediatric population and second
most common in adults1 occurring at an incidence of 5.21 dislocations per 100,000 personyears.2 As one of the most congruous joints in the body, slight changes in biomechanics due to
injury can lead to drastic reductions in range of motion (ROM) causing potential quality of life
issues.3 Post-traumatic joint contracture (PTJC) occurs in 12% of patients following elbow
dislocation or fracture,4 and it is characterized by loss in ROM, joint stiffness, and pain.5
Preventing PTJC and loss in joint function from occurring is the primary goal when
managing traumatic elbow injuries.6 Clinicians generally agree on the following principles: (1)
limit complete immobilization for as few weeks as possible, ideally less than three weeks; (2)
encourage early, active mobilization as long as the injury, surgery or pain allow; and (3) avoid
excessive stress and strain of the healing tissues.3,6–9 These competing ideas of encouraging early
joint mobilization to prevent PTJC but also needing joint immobilization to allow for proper
healing and avoid further damage presents a dichotomy for clinicians with no current solution.
Conservative methods to prevent PTJC include physical therapy, continuous passive
motion and protective braces. Once PTJC develops, conservative options to restore ROM include
more aggressive physical therapy, manipulation under anesthesia, and the use of static
progressive and dynamic braces.3,6,10,11 When conservative treatment fails, surgical release of
elbow contractures are required in 12% of patients to improve ROM and stiffness to levels
comparable to healthy joints.4

1

Due to high costs and significant variability of injury, clinical studies to elucidate aspects
of treatment protocols most important for preserving ROM would be challenging. An animal
model provides an opportunity to explore conservative options to prevent or treat elbow PTJC in
order to avoid surgical intervention. To this end, a rat model of PTJC following simple elbow
dislocation was developed to replicate this debilitating clinical condition.12 Temporal elbow
ROM losses in both flexion-extension and pronation-supination were quantified as well as tissuespecific contributors to motion loss.12–18 Additionally, previous studies characterized
periarticular histological changes that replicate many features of the human condition.12,13,15,16
Further characterization of the model is necessary to comprehensively examine various
treatment effects. Ultimately, this animal model replicating elbow PTJC can be utilized to
explore treatment options to prevent or improve elbow contracture. The studies presented herein
aim to: (1) quantify additional clinically relevant outcomes in this animal model of PTJC
including functional deficits and sex-based comparisons, and (2) evaluate physical-based
treatment strategies capable of preventing or improving elbow PTJC.

1.2 Summary of chapters
Chapter 2 describes the normal function of the human elbow, epidemiology of elbow
injury, and the disability that can occur due to injury. Prevention strategies to avoid PTJC as well
as treatment strategies to restore lost motion and function once PTJC has developed are outlined.
Finally, a summary is provided detailing previous work conducted in the animal model of elbow
PTJC.
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Chapter 3 summarizes the development of a custom-built grip strength device and gait
analysis system. Then, they are used to quantify functional deficits in the animal model of elbow
PTJC. Previously, functional outcomes had not been investigated in this animal model, but they
are important clinical metrics that describe the impact of disability during daily activities and can
be tracked longitudinally to assess healing/rehabilitation. This chapter demonstrates the
feasibility and usefulness of these techniques.
Chapter 4 describes sex-based comparisons in the animal model of elbow PTJC.
Differences and similarities are explored through functional testing, joint mechanical testing, and
histological evaluation. Furthermore, micro-computed tomography is used to reveal the presence
of ectopic calcification near the joint, a clinically relevant finding not previously known to exist
in this animal model.
Chapter 5 details several preliminary studies investigating the effects of early versus
delayed therapy (timing), free mobilization versus forced treadmill walking (intensity), and
limited-time versus unlimited use (duration) on joint motion outcomes. Surprising results from
this chapter informed additional studies in chapter 6.
Chapter 6 explores the effects of the timing of active joint use on preventing elbow PTJC
by varying the initiation of free mobilization. Both elbow ROM and functional outcomes are
quantified. These findings have potential clinical implications for preventing elbow PTJC by
showing the impact of active joint use on subsequent elbow ROM and function.
Finally, chapter 7 summarizes the major results and conclusions of this work. Several
future directions are also discussed including additional outcomes that should be characterized in
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the elbow PTJC animal model, other physical-based prevention and treatment strategies, and
biological strategies to compliment physical-based methods or serve as stand-alone therapies.
In summary, this work significantly advances our understanding of post-traumatic elbow
contracture. The clinical relevance of the animal model is expanded to include functional
outcomes and sex-based comparisons. Furthermore, results from the physical therapy-based
treatment studies provide insight into the strategies necessary to prevent elbow PTJC. While a
specific traumatic elbow injury is investigated here, principles from this work could extend to
different elbow injury patterns as well as other joints susceptible to PTJC.
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Chapter 2: Background
2.1 Post-traumatic elbow contracture
The elbow joint is made up of three bones, the humerus, radius and ulna, that together
with the shoulder allow for precise movement of the hand (Fig. 2.1).1,2 These osseous structures
are statically stabilized by the medial collateral ligaments, lateral collateral ligaments, and joint
capsule as well as dynamically stabilized by twenty-three muscles that are directly associated
with joint movement (Fig. 2.1).1,3–5 The relative contribution of these structures to stability varies
depending on the joint orientation and amount of muscle activation.3,4 The elbow facilitates two
primary modes of motion: flexion-extension and pronation-supination (Fig. 2.2).4,6 The normal
range-of-motion (ROM) in flexion-extension is approximately 0° to 140°; however, only 30° to
130° required for most activities of daily living.4,7–12 Pronation-supination normal ROM is 180°
with 90° in each direction.4,8,13 Although, most daily activities can be accomplished with a ROM
of only 100° by rotating 50° in either pronation or supination.9

Fig. 2.1 (A) Anterior view of the joint capsule of the elbow. (B) Medial collateral ligaments. (C) Lateral collateral
ligaments. (H = humerus, R = radius, U = Ulna; adapted from Fig. 1.2 in ten Brinke B et. al. Elbow and Sport.
Springer, 2016.)
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Fig. 2.2 The two fundamental motions of human elbow joint: flexion-extension and supination-pronation. (Fig. 1 in
Chao EY et.al. Three-dimensional rotation of the elbow. J Biomech. 1978;11(1-2):57-73.)

Unfortunately, the elbow is the most commonly dislocated joint in the pediatric
population and second most common in adults14 occurring at an incidence of 5.21 dislocations
per 100,000 person-years (Fig. 2.3).15 Nearly half of acute
elbow dislocations occur while participating in sports.15
Falls represent the primary mechanism of injury being
responsible for 56.5% of elbow dislocations overall.15
Clinical presentation can vary from only soft tissue
damage in the case of simple elbow dislocation to more
complex injuries involving bone fracture(s).16 Fractures
are associated with 17% of dislocations.17 The elbow is Fig. 2.3 Lateral view of an elbow
dislocation. (Fig. 1 in Shillingford J et. al.

one of the most congruous joints in the body where slight Simple elbow dislocation. Shoulder & Elb.
2016;2(3):3-12.)
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changes in biomechanics due to injury can lead to drastic reductions in ROM causing potential
quality of life issues.18 Post-traumatic joint contracture (PTJC) occurs in 12% of patients
following elbow dislocation or fracture,19 and it is characterized by loss in ROM, joint stiffness,
and pain.20 While both flexion-extension and pronation-supination motion loss can occur,
patients most often experience losses of approximately 35-55° in flexion-extension.11,21–25 PTJC
motion loss can be caused by either soft tissue fibrosis and contracture or disruption of natural
osseous congruency.18,26,27 Contracture and fibrosis of capsule and ligaments have been
implicated as the main cause of elbow PTJC.18,26,28–31
Fibrosis occurs when the normal wound healing and repair processes become
dysregulated, leading to excessive production and improper remodeling of extracellular matrix
(ECM).32 Following injury, there is an influx of inflammatory cytokines as part of the initial
healing response.18,33 Fibroblasts can transition into myofibroblasts, which express higher levels
of the contractile protein α-smooth muscle actin (αSMA).34,35 Myofibroblasts repair the damaged
tissue by reinforcing the ECM through their increased production of collagen.35 At the same
time, the production of matrix metalloproteinases (MMPs) decrease while production of tissue
inhibitors of matrix metalloproteinase (TIMPs) increase, resulting in reduced ECM
remodeling.36,37 The unregulated contractile effects and overproduction of ECM by
myofibroblasts are thought to cause contraction and hypertrophy of the tissue, while increased
collagen cross-linking and decreased ECM remodeling lead to it becoming fibrotic.18,30,38 Human
elbow capsules after trauma have shown to have elevated numbers of myofibroblasts as well as
pathological thickening and disorganization of collagen.39–43
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2.2 Prevention
contracture

and

treatment

strategies

for

elbow

Preventing PTJC is one of the primary goals when managing traumatic elbow injuries. 23
However, due to the various presentations seen clinically and lack of randomized clinical trials,
there are no standard treatment protocols.17,44,45 Broadly, clinicians generally agree on the
following principles: (1) limit complete immobilization for as few weeks as possible, ideally less
than three weeks; (2) encourage early, active mobilization as long as the injury, surgery or pain
allow; and (3) avoid excessive stress and strain of the healing tissues.18,23,44,46,47 These competing
ideas of encouraging early joint mobilization to prevent PTJC but also needing joint
immobilization to allow for proper healing and avoid further damage presents a dichotomy for
clinicians with no current solution.
As the name implies, simple elbow dislocation, the least severe traumatic elbow injury,
has the most clinical management consensus. After simple elbow dislocation, a protective brace
is often used to lock the elbow at 90° of flexion for the first 1-3 weeks to limit extension and to
avoid varus stress on the lateral collateral ligament, which is often damaged or torn as a result of
the dislocation event.17,46,48–51 Previous studies have shown that early mobilization supervised by
a physical therapist can result in an expedited return of ROM, function and return to work.48–
50,52–54

However, patients often experienced an increase in pain during the early rehabilitation

period.54 Further complicating this issue, “early mobilization” is a term that is not well defined as
there are no standardized physical therapy programs that provide guidance for specific
parameters such as exercise modality, timing, duration or intensity.45,48–50,52–58
When injury is more severe, such as in complex elbow injuries that involve bony
fracture(s), other conservative methods may be used in conjunction with physical therapy to
9

allow for controlled, stable movement including continuous passive motion and protective
braces. Continuous passive motion aims to prevent the accumulation of intraarticular blood and
periarticular edema by applying sinusoidal pressure changes in the joint via continuous motion.59
Only two studies have used continuous passive motion in preventing elbow PTJC; however,
results showed no benefit over post-operative splinting and only partially restored function.60,61
However, in both studies, continuous passive motion was used following an open capsular
release of a previously contracted elbow, not as an initial treatment strategy.60,61 Currently,
continuous passive motion is not recommended as an independent prevention strategy but can be
used as a prerequisite to splinting in order to reduce swelling and drive fluids from the joint.23,47
Furthermore, continuous passive motion comes at a significant financial cost and requires
difficult logistical arrangements.23,62 Protective braces aim to protect the damaged tissues of the
joint and permit healing but also allow early, restricted mobilization.51 Braces are used in clinical
situations including recovery from simple dislocation, postoperative care after bone fixation, and
rehabilitation from tendon/ligament repair following more severe injury.51 Only one study has

Fig. 2.4 Protective brace with adjustable flexion-extension limits to control safe movement (Fig. 110.3 in Marinelli
A et. al. Elbow Brace and Rehabilitation. Berlin. Springer, 2020.)
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retrospectively evaluated the use of protective braces to prevent PTJC.63 In this study, 14 patients
surgically treated for complex elbow fractures or instability achieved a long-term ROM of 116°
± 23°.63 While this is above the 100° necessary for most daily activities, it is still less than the
normal 140° ROM. The design of protective braces has improved greatly in recent years
allowing for the ability to completely lock the brace to immobilize the joint at a particular angle
when necessary or set flexion-extension limits to control safe movement (Fig. 2.4).51 Managing
complex elbow injuries with protective braces allows clinicians the ability to provide both
postoperative protection and ROM movement. However, 12% of patients following elbow
dislocation or fracture will experience PTJC.19
Once PTJC develops, conservative options to restore ROM include aggressive physical
therapy, manipulation under anesthesia, and the use of mechanical braces.18,23,51,56 Physical
therapy reaches a point of diminishing return and is usually only helpful in elbows exhibiting
minor contracture.18,23,62 There is limited evidence supporting manipulation under anesthesia, and
many clinicians avoid this technique due to the risk of complications and perceived subsequent
development of heterotopic ossification or ulnar neuritis.23,64 However, it has been shown to be
both safe and effective when used within three months of injury once contracture has
developed.64,65 Mechanical braces include static progressive and dynamic braces and have long
been used a primary means for treating PTJC non-surgically when other methods have failed.18,66
Static progressive braces are adjusted routinely over time to impose increasing amounts of
displacement to the joint which stretches the contracted tissue.67,68 Dynamic braces apply a
constant force to the joint and enables some functional elbow movement.67,68 Both often require
wearing the device for several hours per day over several weeks or months.51,67–69 While
evidence has shown some positive outcomes for static progressive and dynamic braces, none
11

have fully restored lost ROM.23,29,53,62,66,68–78 Static progressive braces have shown superior
outcomes with over 60% of patients regaining functional ROM compared to only 29% of
patients using a dynamic brace.67 However, studies also show little consistency among
prescribed use, rendering it impossible to determine the actual benefit of any single aspect of
these approaches.51,56,78 As with manipulation under anesthesia, when using both types of braces,
occurrences of heterotopic ossification and ulnar neuritis have been observed.68,78
When conservative treatment fails, surgical release of elbow contractures are required in
12% of patients to improve ROM and stiffness.19 Surgical release can either be done
arthroscopically or using an open approach. While arthroscopic release is the preferred method
with fewer associated risks and complications, open release allows for the removal of capsular
adhesions as well as osteophytes and heterotopic ossification.18 Both procedures can greatly
improve ROM and functional outcomes that are maintained long-term.18,23 However, success is
dependent on postoperative rehabilitation program compliance.23

2.3 Elbow contracture animal model
Due to high costs and significant variability of injury, clinical studies to elucidate aspects
of treatment protocols most important for preserving ROM are challenging; however, one
ongoing randomized clinical trial may provide useful insights.79 Importantly, this clinical trial is
comparing physical therapy protocols following a capsular release of a contracted elbow and not
as an initial treatment.79 An animal model provides an opportunity to explore conservative
options to prevent or treat elbow PTJC in order to avoid surgical intervention.
A rat model of PTJC following simple elbow dislocation has been developed replicating
this debilitating condition.80 Long-Evans rats (Charles River Laboratories, Wilmington, MA,
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USA) were selected based on their forelimb similarities to human elbows including anatomy,
functional ROM, and use of the limb (Fig. 2.5).81–84 Male rats were subjected to a surgicallyinduced elbow dislocation.80 An anterior capsulotomy and lateral collateral ligament transection
was performed on one elbow of each animal to replicate the soft tissue damage that occurs
during simple elbow dislocation in humans. Following wound closure, each injured limb was
unilaterally immobilized in bandages for 42 days (Fig 2.5). Bandages were removed and animals
were allowed free mobilization (unrestricted cage activity) for an additional 42 days. Following
the free mobilization period, animals were euthanized and immediately stored in a -20C freezer
until testing.

Fig. 2.5 Several key anatomical similarities of the rat elbow, including the (A) lateral collateral ligament (outlined in
black) and the (B) humeroulnar articulation; (C) µ-CT images showing the size and shape of the bones in the rat
forelimb; (D) Bandaging to provide unilateral elbow immobilization following injury (adapted from Fig. 1,3 in Lake
S et. al. Development and Use of an Animal Model to Study Post-Traumatic Stiffness and Contracture of the Elbow.
J Ortho Res. 2016;34(2):354-64.)

Forelimbs were skinned, removed at the glenohumeral joint then tested for flexionextension elbow motion in a custom mechanical system (Fig 2.6).80 Limbs were loaded for five
cycles to ±11.25 N·mm at 1.0 mm/s while images were taken at maximum flexion and extension.
Images and force-displacement data from the fifth cycle were analyzed with Fiji85 and MATLAB
13

(MathWorks, Natick, MA, USA) to quantify the elbow total ROM as well as other parameters.80
Temporal elbow ROM losses in both flexion-extension and pronation-supination have been
quantified as well as tissue-specific contributors to motion loss (Fig. 2.7).80,86–91 Additionally,
studies have characterized periarticular histological changes.80,86,88,89

Fig. 2.6 (A) The biomechanical test system uses a rack and pinion gear to convert linear displacement (applied via a
linear actuator) to rotational cyclic loading of the rat elbow in flexion-extension. Specimens were secured with ulnaradius and humerus fixtures and a load cell measured axial force. After testing, force and displacement were
converted to torque and angular position, respectively. Photos taken from above the sample verified angular
positions of (B) maximum extension and (C) maximum flexion. (Fig. 4 in Lake S et. al. Development and Use of an
Animal Model to Study Post-Traumatic Stiffness and Contracture of the Elbow. J Ortho Res. 2016;34(2):354-64.)
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Fig. 2.7 Flexion-extension elbow ROM after 3, 7, 21, or 42 days of immobilization or after 42 days of
immobilization with an additional 21 or 42 days of free mobilization (63, 84 FM). (mean ± SD; *different from
control; p < 0.05; C = control; IM = immobilization; FM = free mobilization; adapted from Fig. 5 in Dunham C et.
al. Temporal Patterns of Motion in Flexion-extension and Pronation-supination in a Rat Model of Posttraumatic
Elbow Contracture. Clin Ortho Rel Res. 2018;476(9):1878-89.)

This established animal model that replicates important features of human elbow PTJC
can now be utilized to explore treatment options to prevent or improve elbow PTJC. However,
further characterization of the model is necessary to comprehensively examine various treatment
effects. To date, functional deficits associated with this animal model have not been explored
which are key clinical outcomes when treating patients following traumatic elbow injury.
Furthermore, it is also unknown what, if any, sex-based differences are present in the animal
model. Anterior capsule tissue collected from patients at the time of joint release for PTJC
showed no difference in collagen disorganization or MMP staining between sexes.41 However,
females have reported poorer functional outcomes than males after simple elbow dislocation.20
Upon development and better understanding of these aspects, this preclinical animal model can
then be used to elucidate key parameters (e.g., timing, intensity, duration) that can optimize a
physical therapy approach to prevent PTJC.
15
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Chapter 3: Functional deficits in a rat model
of post-traumatic elbow contracture1
3.1 Introduction
Post-traumatic joint contracture (PTJC) affects up to 50% of patients following joint
dislocation or fracture, often leading to permanent stiffness and debilitating motion loss. 1,2 The
elbow is particularly susceptible to contracture following traumatic injury due, in part, to its high
degree of natural congruency.3,4 In order to help improve range of motion, nearly 12-15% of
patients with PTJC in the elbow require surgery to release contracted tissue.5 While the clinical
relevance and severity of contracture is compelling, the elbow remains one of the most
understudied joints in the human body.
Previously, we established an animal model of elbow PTJC quantifying passive postmortem joint mechanics and histological changes temporally.6–9 These results showed persistent
motion loss similar to what is experienced in humans. Although previous results demonstrated
altered joint mechanics, data were obtained post-mortem and did not consider functional use of
the injured/healing limb. Evaluation of the in vivo functional consequences of PTJC would
provide a clinically relevant measure of joint function. Such measurements could further validate
our animal model if joint function were shown to be persistently altered similar to human
patients. Thus motivated, this study developed and utilized two experimental techniques to
quantify forelimb function in our rat model of PTJC: grip strength assessment and
spatiotemporal gait analysis.

1

Reprinted from: Reiter AJ, Kivitz GJ, Castile RM, et al. 2019. Functional measures of grip strength and gait
remain altered long-term in a rat model of post-traumatic elbow contracture. J Biomech Eng 141(7): 071001.
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Grip strength has been used previously to assess functional limb differences in rodents
subjected to various injuries and conditions, including ankle joint inflammation,10 upper
extremity muscle and tendon overuse,11 and systemic collagen-V deletion in tendons/ligaments,12
as well as to determine forearm muscle strength in mice with motor neuron disease,13 and healthy
mice aging naturally.14 For this study, a novel dual limb grip strength device was developed,
permitting longitudinal evaluations to specifically assess how PTJC affects side-specific forelimb
use and strength.
Similar to grip strength, gait analysis has been used previously to quantify functional
changes in rodent models of a variety of injury conditions including knee instability and
osteoarthritis,15–17 patellar tendon degeneration,18 Achilles tendon injury,19 rotator cuff damage,20
and spinal cord injury.21 Additionally, a recent study evaluated gait changes due to elbow
contracture in a murine model;22 however, in this study animals were only evaluated at a single
time point for a single gait parameter. In the current study, spatiotemporal gait compensations
were investigated longitudinally in our rat PTJC model using an open source, fully automated
technique validated to detect rodent gait abnormalities with high sensitivity.23,24 We
hypothesized (1) the unilateral, persistent range of motion loss observed previously7 would be
manifested as a asymmetric gait with imbalanced duty factor and reduced grip strength when
compared to uninjured controls, and (2) metrics of gait and grip strength would partially recover
over time but not reach levels of control animals.

3.2 Methods and materials
Animal and injury model. Long-Evans rats (Charles River Laboratories International,
Wilmington, MA, USA) were selected based on previously described criteria.6 These animals
exhibit similarities to human elbow functional range of motion (ROM), bony architecture, and
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periarticular soft tissues providing the ability to flex-extend and pronate-supinate at the elbow.25–
28

In this Institutional Appropriate Care and Animal Use Committee (IACUC) approved
study, male Long-Evans rats (n = 20; 330-380 g; 9-10 weeks old) were randomized into a
surgically-induced injury group and uninjured control group (Fig. 3.1). To simulate damage that
occurs clinically in elbow dislocation, animals were anesthetized (n = 10), and a randomized
elbow (n = 5 each for left and right injury) was subjected to a unilateral anterior capsulotomy and
lateral collateral ligament transection.6 Due to surgery complications, one animal (injury in left
limb) was excluded, leaving nine injured animals. Single doses of antibiotic (7.5 mg/kg
enrofloxacin; Bayer Health LLC, Shawnee Mission, KS, USA) and nonsteroidal antiinflammatory drug (5 mg/kg carprofen; Pfizer Animal Health, New York, NY, USA) were
administered preoperatively by subcutaneous injection, and a single dose of analgesic (0.5 cc of5
mg/mL bupivacaine; Hospira, Lake Forest, IL, USA) was administered postoperatively under the
closed incision via subcutaneous injection.
Following surgery, injured limbs were immobilized for 42 days using tubular elastic
netting (Nich Marketers Inc, Gulf Breeze, FL, USA) and self-adhering Vetrap bandaging (3M, St
Paul, MN, USA). Contralateral limbs were not constrained and allowed unrestricted movement.

Fig. 3.1 Analysis time points for control and injured groups in this study. Following an acclimation period to the
grip strength device and gait arena, data were collected weekly for both groups (time is in days).
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Animals were checked five times per week to ensure injured limbs were immobilized and to
identify any signs of discomfort or distress. Bandages were replaced weekly and any sores or
cuts were treated topically with antibiotic powder/cream (nitrofurazone (Neogen Corporation,
Lexington, KY, USA); silver sulfadiazine (Dr Reddy’s Laboratories, Shreveport, LA, USA))
and/or chafing cream (Prestige Brands, Tarrytown, NY, USA). After 42 days of immobilization,
bandages were removed and animals were allowed unrestricted cage activity for an additional 42
days, as previously described.6 Age-matched control animals (n = 10) were neither injured nor
immobilized and were allowed unrestricted cage activity for the entire 84-day period.
Grip strength testing. A custom grip strength device was designed and built to allow for
the simultaneous measurement of left and right limb grip strength, which is necessary to track
side-specific recovery over time in our unilateral injury model (Fig. 3.2). Unlike typical devices
for measuring grip strength in rodents,13,22,29 our device consists of two sets of custom-made grip

Fig. 3.2 The custom-built grip strength device allowed for simultaneous bilateral grip measurements. The device
consists of two sets of grip bars/ladders, each held in place by a linear slide and connected to separate load cells. The
front paws of the animals were placed on the same grip bar of each ladder and the animals were pulled by the base
of their tails horizontally (parallel to the ladders and linear slides). Scale bar = 1 cm.
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bars/ladders, each of which is secured via linear slides and connected to separate load cells
(Loadstar Sensors REB7 Universal Sub Miniature Load Cell, Fremont, CA, USA). During the
first week after bandage removal, animals were familiarized to the grip strength device by
performing six practice trials. After gently placing their front paws on matching grip bars of each
ladder, animals were horizontally pulled by the base of their tails in a direction away from the
grip strength device until they released their paws. Upon paw release, animals were immediately
cradled underneath, never allowing a fall of more than a few centimeters. Grip strength
measurements were collected weekly beginning one week after bandage removal on injured
animals (n = 9) and equivalent time points on controls animals (n = 10; Fig. 3.1). In an attempt to
reduce environmental stressors that could impact repeatability of results, data collection was
completed by the same handlers in the same environments at similar times of the days.
Maximum left- and right-limb grip strength measurements were recorded simultaneously for six
trials per animal at each time point. Any grip strength values of the six trials that fell outside of
two standard deviations of the mean for that animal and time point were excluded. In total, one
trial was excluded from an injured animal at day 49 and one trial from a control animal at day 56.
One control animal refused to grip the bars during testing at day 56, 63, 70, and 84; all grip
strength data from this animal were excluded, thus reducing the control group to nine animals.
Spatiotemporal gait testing. A custom-built gait arena with associated hardware and
open-source analysis software were used to acquire spatiotemporal gait data17,23,24 (additional
information available at: www.GAITOR.org). Briefly, the arena is an enclosed, transparent
acrylic box (60” long by 5” wide by 10” tall) with colored vinyl covering the lid and back wall
(Fig. 3.3A-B). The arena sits on a transparent base above a 45°-angled mirror so that images of
the sagittal and ventral plane can be recorded simultaneously. The width of the arena is
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Fig. 3.3 (A) The gait collection setup included a custom-built gait arena above an enclosed mirror. A high-speed
video camera recorded simultaneous views of the sagittal and ventral plane. (B) During gait collection, animals
voluntarily explored the arena lit by two LED light bars. Trials with constant walking speed and containing at least
three complete gait cycles were collected on controls and injured groups.

sufficiently narrow to force a walking direction perpendicular to the camera. The arena is lit with
two 20,000 Lumen LED light bars covered with white fabric to diffuse the light. During the first
week after bandage removal, animals were acclimated to the gait arena by placing them in the
arena for ~20 minutes on three sequential days. Gait data were collected weekly beginning one
week after bandage removal on injured animals (n = 9) and equivalent time points on controls
animals (n = 10; Fig. 3.1). During gait collection, animals voluntarily explored (i.e., were not
forced or prompted) the arena at self-selected velocities while being recorded with a high-speed
video camera (FASTCAM Mini UX50, Photron, Tokyo, Japan) at 500 frames per second (fps).
Utilizing similar exclusion criteria as previous studies using this techniques,15,23 trials with
constant walking speed and containing at least three complete gait cycles were collected on
injured and control animals. Based on previous work, a minimum of five trials (collected on at
least eight animals at 500 fps) were deemed necessary to ensure sufficient sensitivity to detect
gait changes of 1% in symmetry and duty factor and 0.25 cm in stride length.23 Because of postprocessing exclusion criteria (color thresholding errors or varying velocity), attempts were made
to collect in excess of 10 trials per animal per time point. In total, after all exclusion criteria were
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met, gait data included n = 5-11 trials per animal per time point. Because of the voluntary nature
of the gait collection and limits of time available for acquisition, only three trials were collected
on one control animal at day 84 (n=3; data were included). Gait data could not be collected on
one injured animal at day 49 because walking occurred without placing the injured paw on the
ground; data for the remaining time points of this animal were included.
Spatiotemporal gait parameters were calculated using an open source, fully-automated
analysis software that has been validated against manual digitization at frames rates at or above
125 fps.23,24 Briefly, a setup script was run to define several parameters including video frame
rate, video region of interest, and display options. A standard MATLAB function
(colorThresholder) was used to create color filters to isolate the animal body in both planes and
the paws in the ventral plane. Videos from a single day of collection (~50 videos) were then
batch processed, with spatial and temporal gait parameters automatically calculated. The
computed parameters included forelimb duty factor (i.e., percent stance time), duty factor
imbalance, temporal symmetry, spatial symmetry and stride length for each video trial; these
spatiotemporal gait parameters have been previously defined and extensively reviewed.30,31
Mechanical testing. All animals were euthanized by CO2 inhalation and immediately
stored in a -20° C freezer. For each animal in the injured (injured limbs: n = 9; contralateral
limbs: n = 9) and control (n = 20 limbs) groups, mechanical testing was performed on both
forelimbs. Forelimbs were prepared post-mortem and mechanically tested, as previously
described.6,7,9 Briefly, a custom mechanical testing system was used to evaluate limbs in flexionextension joint testing for five cycles to ± 0.75 N (± 11.25Nmm of torque) at 1.0 mm/sec. A rack
and pinion gear converted the linear displacement to angular rotation about the elbow joint
center, and overhead images were taken at maximum flexion and extension. Force and
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displacement data were converted to torque and angular position, and elbow motion was
quantified using a custom-written Matlab program (MathWorks, Natick, MA, USA).
Measurements included maximum extension, maximum flexion, total ROM and neutral zone
(NZ) length. The NZ length represents an estimate of the functional ROM and is defined by the
flatter region between maximum extension and flexion on the torque-angular position curve.6
Angles were computed in terms of degrees of flexion with a horizontal line from the humerus
representing 0° flexion (or full extension).
Statistical analysis. Grip strength testing. Linear mixed models were developed using
random effects to account for the temporal and inter-subject correlation in the data to
appropriately evaluate the fixed effects associated with the hypotheses relevant to our research.
Model fitting was done in JMP (SAS Institute, Cary, North Carolina, USA). For grip strength
data, random effects included individual animals and repeated measures, while fixed effects
included treatment group, time point, weight, and subsequent interactions. Weight was controlled
for because injured animals were lighter than control animals at similar time points and because
the analysis needed to avoid confounding effects of weight gain across the study (control: 545.2
± 25.3 g (day 49) to 605.9 ± 24.8 g (day 84); injured: 443.6 ± 16.3 g (day 49) to 560.1 ± 26.1 g
(day 84)). Rather than using weight as a covariate directly, a linear model was fit to adjust
weight for treatment group and time point. The studentized residuals from that model were used
in the final linear mixed model. These residuals are interpreted as the excess weight of a subject
given a treatment group and time point. This procedure allowed for the assessment of the impact
of weight independent of time and treatment group effects. The interaction of weight, treatment
group, and time was hypothesized to be significant because the impact of weight across time
might depend on treatment group. This third order interaction was built into the model requiring
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all lower order interactions to be included. For consistency, the same model was used for all the
three grip strength comparisons.
In total, three separate linear mixed models were developed to compare (1) injured limb
grip strength to the left and right control limb intra-trial average grip strength, (2) contralateral
limb grip strength to the left and right control limb intra-trial average grip strength, and (3)
injured-to-contralateral limb grip strength difference for injured animals to left-to-right
difference for control animals. Model adjusted outcomes for an animal of average weight (excess
weight = 0) were calculated and are presented as 95% confidence intervals (95% C.I.). Pairwise
comparisons between groups were performed for model outcomes at each time point to identify
statistically significant differences (p < 0.05).
Spatiotemporal gait testing. Similar to grip strength data, linear mixed models were
developed to account for random and fixed effects in spatiotemporal gait data in JMP (SAS
Institute, Cary, North Carolina, USA). For the gait data, random effects included individual
animals and repeated measures, while fixed effects included treatment group, time point, weight,
velocity, and subsequent interactions. The majority of gait parameters are known to depend on
velocity and must be controlled for when performing gait analysis.31,32 Similar to how weight
was considered in grip strength analysis, velocity was adjusted in the gait data based on
treatment group and time point. Residual velocity is interpreted as excess velocity of a subject
for a given treatment group and time point. This allowed for the evaluation of the impact of
velocity independent of treatment group and time point. The interaction of velocity, treatment,
and time was hypothesized to be significant. Injured rats were expected to walk slower than
uninjured control rats and velocity was assumed to change over time because of recovery (in the
injured group) and familiarity with the testing setup (in both groups). For this reason, this
31

interaction (i.e., velocity, treatment, and time) and all lower order interactions were built into the
model. The interaction of weight, treatment, and time was hypothesized to be significant for
reasons similar to grip strength data. For consistency, the same model was used for all the six
gait comparisons. Once again, non-significant effects remained in the model to preserve its
comprehensiveness since computational demand was negligible. Similar to the grip strength
analysis, studentized residual weights and velocities were used in the final linear mixed models
rather than actual animal weights and velocities.
In total, six separate linear mixed models were developed: two to compare injured and
contralateral forelimb duty factor to the average forelimb duty factor in control animals, and four
to compare forelimb duty factor imbalance, temporal symmetry, spatial symmetry, and stride
length in injured animals to control animals. Model adjusted outcomes for an animal of average
weight and velocity were calculated and are presented using 95% C.I. Pairwise comparisons
were performed between groups for model outcomes at each time point to identify significant
differences (p < 0.05).
Mechanical testing. Mechanical testing parameters (e.g., max extension, max flexion,
total ROM, and NZ length) for left control limbs were subtracted from paired right limbs, while
injured limbs were subtracted from paired contralateral limbs. One sample t-tests compared leftto-right or injured-to-contralateral differences to a theoretical mean of zero (μ0 = 0). Unpaired
Welch’s unequal variances t-tests compared the control animal differences to injured animal
differences. Significance was defined as p < 0.05 for all statistical tests.

3.3 Results
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Grip strength testing. Fit results of the linear mixed models for grip strength data are
represented by the summary of fit, significance of fixed effects, and restricted maximum
likelihood (REML) variance (Table 3.1). In general, grip strength models fit the data well with
all fixed effects being significant in at least one of the models, except for the interaction of
studentized residual weight crossed with treatment group. Random effects in the injured and
contralateral limb grip strength models explained an approximately equal percentage of the
REML variance. In the grip strength difference model, repeated trials (subsample) accounted for
approximately twice the REML variance as compared to individual animals (rat ID).

Table 3.1 Grip strength linear mixed model summary of fit, significance of fixed effects, and restricted maximum
likelihood (REML) variance.

Summary
of Fit

INJ Limb
CL Limb
Grip Strength
Grip Strength Grip Strength
Difference
R2

0.812

0.561

0.655

RMSE

82.7

86.7

111.9

REML Variance

Fixed Effects

Source

P-value

Time

<.0001

<.0001

<.0001

Treatment Group

<.0001

0.1612

<.0001

Time*Treatment Group

<.0001

<.0001

<.0001

Stud Res Wt

0.0104

0.0292

0.9979

Stud Res Wt*Time

0.0003

0.0006

0.1069

Stud Res Wt*Treatment Group

0.1643

0.0757

0.7390

Stud Res Wt*Treatment Group*Time

0.1644

0.3392

0.0435

Random Effect

Variance Component (Precent of Total)

Rat ID

6642.4 (49.3)

5812.7 (43.6)

Subsample

6836.2 (50.7)

7525.0 (56.4) 12527.7 (64.5)

6882.3 (35.5)

Note: INJ/CL Limb Grip Strength = model details for injured/contralateral limb compared to control limbs average;
Grip Strength Difference = model details for limb differences in injured animals compared to limb differences in
control animals; Time = time point (day 49, 56, … 84); Treatment Group = control or injured; Stud Res Wt =
studentized residual weight; Rat ID = individual animal identification; Subsample = repeated measurements on an
animal at given time point; (red/bold = significant effect; p < 0.05)
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As a representation of overall results, model adjusted outcomes for an animal of average
weight were calculated (Fig. 3.4). Grip strength was significantly decreased for injured limbs
compared to control limb at all time points (p < 0.002; Fig. 3.4A). However, there was consistent
recovery over time for injured limbs, improving from a ~54% reduction at day 49 to ~27%
reduction at day 84. Grip strength for contralateral limbs closely followed control limbs, with no
significant differences except at day 70 (p = 0.0105; Fig. 3.4B). Side-to-side grip strength
difference (injured minus contralateral limb grip strength for injured animals and left minus right
limb grip strength for control animals) followed a similar trend to grip strength values for injured
limbs, remaining significantly decreased compared to controls at all time points (p < 0.006; Fig.
3.4C). Limb differences for injured animals steadily recovered from day 49 (-380.8 ± 31.6 g) to
day 84 (-114.5 ± 31.6 g), but failed to reach control values by the end of the study.

Fig. 3.4 (A) Grip strength values were decreased for injured limbs long-term compared to controls while (B)
contralateral limb grip strength was not different from control (except at day 70). (C) Grip strength difference values
remained decreased for injured animals compared to control at all time points. (Data shown are model adjusted
outcomes for an animal of average weight; 95% C.I.; INJ = injured; CL = contralateral; L-R = left minus right
control limb; INJ-CL = injured minus contralateral limb; * = different from control at specified time point; p <
0.05)

Gait testing. Fit results of the linear mixed models for gait data are represented by the
summary of fit, significance of fixed effects, and REML variance (Table 3.2). In general, gait
models fit the data well with 10 out of 12 fixed effects being significant in at least one of the
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models. While many gait parameters were dependent on velocity (Table 3.2), there were no
differences between walking speeds in control and injured groups (control: 42.5 ± 9.1 cm/s;
injured: 39.4 ± 8.5 cm/s). Random effects in the contralateral limb duty factor and stride length
models explained an approximately equal percentage of the REML variance. In the remaining
four models, repeated trials (subsample) accounted for approximately twice the REML variance
as compared to individual animals (rat ID).

Summary
of Fit

Table 3.2 Gait linear mixed model summary of fit, significance of fixed effects, and restricted maximum likelihood
(REML) variance.
INJ Limb
Duty Factor

CL Limb
Duty Factor

Duty Factor
Imbalance

Temporal
Symmetry

Spatial
Symmetry

Stride
Length

R2

0.664

0.735

0.665

0.626

0.695

0.848

RMSE

0.027

0.024

0.034

0.036

0.026

0.765

REML Variance

Fixed Effects

Source

P-value

Time

<.0001

<.0001

<.0001

<.0001

<.0001

<.0001

Treatment Group

<.0001

0.0363

<.0001

<.0001

<.0001

0.0003

Time*Treatment Group

<.0001

<.0001

<.0001

<.0001

<.0001

<.0001

Stud Res Wt

0.0256

0.8900

0.0145

0.0002

0.0074

0.6920

Stud Res Wt*Time

0.0347

0.9031

0.0043

0.0040

0.0002

0.2167

Stud Res Wt*Treatment Group

0.0033

0.3396

0.3692

0.5474

0.5172

0.5446

Stud Res Wt*Treatment Group*Time

<.0001

0.3112

0.0001

0.1306

0.1533

0.2192

Stud Res Vel

<.0001

<.0001

0.1007

0.0320

0.0110

<.0001

Stud Res Vel*Time

0.0147

0.5557

0.0083

0.0007

0.0771

0.0017

Stud Res Vel*Treatment Group

0.4699

0.0056

0.3034

0.5830

0.0172

0.8031

Stud Res Vel*Treatment Group*Time

0.1265

0.4306

0.8640

0.0806

0.5728

0.5904

Stud Res Wt*Stud Res Vel

0.0910

0.1828

0.4724

0.2924

0.6061

0.1394

Random Effect

Variance Component (Precent of Total)

Rat ID

0.00034 (31.9) 0.00062 (52.4) 0.00052 (32.0) 0.00075 (36.2) 0.00040 (37.4) 0.66628 (53.3)

Subsample

0.00072 (68.1) 0.00057 (47.6) 0.00112 (68.0) 0.00132 (63.8) 0.00067 (62.6) 0.58463 (46.7)

Note: INJ/CL Limb Duty Factor = model details for injured/contralateral limb duty factor compared to average
forelimb duty factor in controls; Duty Factor Imbalance/Temporal Symmetry/Spatial Symmetry/Stride Length =
model details for specified injured animal parameter compared to control parameter; Time = time point (day 49, 56,
… 84); Treatment Group = control or injured; Stud Res Wt = studentized residual weight; Stud Res Vel =
studentized residual velocity; Rat ID = individual animal identification; Subsample = repeated measurements on an
animal at given time point; (red/bold = significant effect; p < 0.05)
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As a representation of overall results, model adjusted outcomes for an animal of average
weight and velocity were calculated (Fig. 3.5). Injured limb duty factor remained significantly
decreased at all time points and showed only slight recovery from day 49 to day 56 (p < 0.001;
Fig. 3.5A). Contralateral limb duty factor was initially increased compared to control (i.e., day
49 and day 56; p < 0.001), but fully recovered by day 63 and remained similar to control limb
averages through day 84 (Fig. 3.5B). Duty factor imbalance (or side-to-side limb difference) was
dramatically reduced for injured animals at day 49 and partially recovered over time, but
remained significantly decreased compared to control, with an apparent plateau from day 63
onward (p < 0.0005; Fig. 3.5C). Temporal (p < 0.004; Fig. 3.5D) and spatial (p < 0.006; Fig.
3.5E) symmetry for injured animals showed a similar trend to duty factor imbalance; both

Fig. 3.5 (A) Duty factor values were decreased for injured limbs long-term and (B) contralateral limb duty factor
was initially increased compared to controls. (C) Duty factor imbalance, (D) temporal symmetry, and (E) spatial
symmetry remained decreased long-term for injured animals compared to age-matched control animals. (F) Stride
length was initially decreased but fully recovered by day 84. (Data shown are model adjusted outcomes for an
animal of average weight and velocity; 95% C.I.; INJ = injured; CL = contralateral; * = different from control at
specified time point; p < 0.05)
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parameters were significantly decreased at day 49 and only partially recovered, plateauing by
day 70. Stride length for injured animals steadily recovered over time yet was significantly
decreased compared to control at all time points (p < 0.04) except day 84 (Fig. 3.5F).
Mechanical testing. Raw mechanical testing parameters of injured limbs showed
differences compared to their uninjured contralateral limb and uninjured control limbs for
maximum extension (Fig. 3.6A), total ROM (Fig. 3.6C), and NZ length (Fig. 3.6D). For
maximum flexion, injured limbs were similar to their uninjured contralateral limb and to
uninjured control limbs (Fig. 3.6B). Furthermore, uninjured contralateral limb and uninjured
control limbs were similar for all biomechanical parameters (Fig. 3.6). Due to the anatomical
structure of the elbow joint in Long-Evans rats, animal limbs cannot reach a max extension of 0°.

Fig. 3.6 Mechanical test parameters of (A) maximum extension, (B) maximum flexion, (C) total ROM, and (D) NZ
length are shown to highlight raw differences between limbs in each group. Injured and contralateral limb
differences were statistically different from zero for (E) maximum extension, (G) total ROM, and (H) NZ length;
however, (F) maximum flexion was not different from zero. Differences between left and right control limbs were
not statistically different from zero in any mechanical testing parameters (E-G). When comparing between groups,
limbs differences in injured animals were different from limb differences in control animals for (E) maximum
extension, (G) total ROM, and (H) NZ length, but not (F) maximum flexion. (average ± standard deviation; blue
shading = control animal; red shading = injured animal; L = left control limb; R = right control limb; INJ = injured
limb; CL = contralateral limb; L-R = left minus right control limb; INJ-CL = injured minus contralateral limb; # =
different from theoretical mean of zero (μ0 = 0); * = injured animal difference different from control difference; p <
0.05)

37

Differences between injured and contralateral limbs (i.e., injured limb minus contralateral
limb) were statistically different from zero (p < 0.001) for maximum extension (Fig. 3.6E), total
ROM (Fig. 3.6G), and NZ length (Fig. 3.6H); however, maximum flexion was not different from
zero (Fig. 3.6F). Differences between left and right control limbs (i.e., left limb minus right limb)
were not statistically different from zero for any of the mechanical test parameters. When
comparing between groups, side-to-side differences in injured animals were significantly
different compared to control animals (p < 0.0002) for maximum extension (Fig. 3.6E), total
ROM (Fig. 3.6G), and NZ length (Fig. 3.6H), but not maximum flexion (Fig. 3.6F).

3.4 Discussion
This study showed significant deficits remained long-term in joint mechanics, grip
strength, and gait in our animal model of unilateral post-traumatic elbow contracture. This study
used our previously established animal model of PTJC,6,7,9 and joint mechanics were comparable
to our previous results7 with significant differences in injured limb maximum extension, total
ROM, and NZ length compared to control limbs. Importantly, this study marks the first
quantification of in vivo active, longitudinal, and functional measurements in our animal model
via grip strength and spatiotemporal gait analysis.
Linear mixed statistical models were necessary to account for temporal and inter-subject
correlations in the data and interactions in our longitudinally collected grip strength data. A
comprehensive predictive model consisting of 658 total trials collected on 19 animals over six
weeks was developed. Model results of grip strength are indicative of a unilateral injury.
Specifically, the injured limb remained significantly different from control limbs while the
contralateral limb was not different (except at day 70). Side-to-side grip strength difference
values in control animals remained ~0 as expected, while similar values in injured animals were
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significantly decreased at all time points. Interestingly, injured limb grip strength and injuredcontralateral differences never appeared to plateau, suggesting these parameters might return to
control levels at a later time point. A recently developed mouse model of elbow contracture
evaluated grip strength at 28-days post-injury22 and observed significant differences between
injured and control animals, similar to our results. To our knowledge, this is the only other small
animal model of elbow joint contracture.
Our novel bilateral grip strength device allowed for the simultaneous measurement of left
and right forelimbs, which was important for investigating the impact of a unilateral injury in this
study. Conventional devices typically consist of a grid, ring, or T-bar grasping device connected
to a single load cell or strain gauge.29 Unilateral differences can only be assessed by restraining
one limb during testing on these devices. Our device allows for a more natural bilateral
positioning of the limbs. While not tested here, our device was also designed to enable
measurement of grip strength at varying pronation-supination positions. Specifically, each ladder
can be rotated inward or outward to measure strength in a pronated, supinated, or neutral
position. The current study was completed in the neutral position, however future work could
investigate other positions as our previous work has shown differences in pronation-supination
joint mechanics between injured and contralateral limbs in this animal model.8
Similar to grip strength models, linear mixed models were necessary to account for
within-subject correlation and interactions in our longitudinally collected gait data. In total, 950
gait trials collected on 19 animals over six weeks were used to develop the gait parameter
predictive model. Considering the overall set of model predicted gait parameters, the differences
and trends seen in the injured rats were indicative of a persistent unilateral forelimb injury. Limb
duty factor values for injured limbs were expected to be decreased compared to controls as the
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rat shifted weight from the injured limb to the contralateral limb.30 Interestingly, limb duty factor
values for contralateral limbs returned to control levels by day 63 suggesting that hindlimbs may
have started compensating for the gait abnormality; we were not able to confirm this since
hindlimb gait was not analyzed in the present study. As expected, duty factor imbalance values,
defined as the difference in duty factor between opposing limbs within an animal, were
approximately zero in control animals, corresponding to a balanced gait. The significant decrease
in duty factor imbalance in injured animals compared to control animals was expected and shows
an imbalance of stance times between the limbs. Temporal and spatial symmetry were expected
to be ~50% in control animals. As anticipated, symmetry values (both temporal and spatial) for
unilateral injuries were less than 50%, which quantitatively demonstrates an asynchronous footstrike pattern where animals hesitated to apply, then rapidly removed, weight from their injured
limb.30 Unexpectedly, stride length fully recovered by the end of the study, suggesting the
contracted elbow and corresponding reduced ROM were not factors in this measurement. Here,
stride length and spatial symmetry are reported rather than step distances. However, step distance
is merely an algebraic conversion of these two measures30 and can be calculated by multiplying
stride length by spatial symmetry. Considering results for these two parameters in injured
animals, injured limb step distances would be decreased while contralateral limb step distances
would be increased compared to controls. Thus, spatial symmetry and injured limb step distance
are likely better indicators of reduced ROM. Only one previous study has evaluated gait in an
animal model of elbow contracture.22 Using a murine model of PTJC, significantly decreased
mean step distances were observed at 28-days post-injury, similar to the present study.
This study is not without limitations. First, grip strength analysis measures more than
strictly elbow joint function as these measurements are impacted by wrist, forearm, upper arm,
40

and shoulder mechanics/strength. However, grip strength is still a meaningful way to measure
overall limb strength and function. Results from this study indicate that elbow injury involving
insult to joint stabilizing tissues and immobilization impacted limb use and strength. Second,
while differences exist between quadruped gait compensations associated with a load bearing
limb and clinically-relevant outcomes for elbow PTJC patients, the goal of this work was to
develop a technique capable of longitudinal assessment of elbow joint function in our animal
model to understand the impact of PTJC and assess future therapy interventions. Specifically, the
progression of recovery in functional measures in combination with post-mortem mechanical and
histological assessment will provide a comprehensive assessment of therapy intervention
success.
Previous work with our animal elbow model of PTJC was limited to post-mortem,
passive assessment of joint function. In this study, active functional consequences associated
with the unilateral injury were shown to persist long-term and never fully recover, thereby
further validating the clinical relevance and utility of our animal model. This study described a
custom bilateral grip strength device and demonstrated its ability to measure functional changes
in rodent forelimbs; results showed deficits in forelimb grip strength in the injured limb persisted
over time. Furthermore, gait patterns remained imbalanced and asymmetric throughout the study
(although stride length and contralateral limb duty factor recovered). A quantitative
understanding of the longitudinal, functional disabilities associated with this injury model will
help assess the effectiveness of future treatment interventions aimed at reducing or preventing
PTJC.
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Chapter 4: Sex-based comparisons in a rat
model of post-traumatic elbow contracture1
4.1 Introduction
Post-traumatic joint contracture (PTJC) is a debilitating condition characterized by loss of
joint motion and permanent stiffness following injury.1,2 The elbow is the most commonly
dislocated joint in the pediatric population and second most common in adults3 and is
particularly susceptible to PTJC.4 However, the elbow remains one of the most understudied
joints in the human body. Previous work in a rat model of elbow PTJC quantified temporal
changes in forelimb function, joint mechanics and soft tissue histology.5–9 Contributions of
specific periarticular soft tissues (e.g., muscle, capsule, etc.) to contracture have also been
evaluated.10–12 However, these previous studies that investigated disease etiology, progression
and recovery were conducted only with male animals; it remains unknown whether female
animals would exhibit similar responses.
Clinical investigations of sex-based differences in elbow PTJC are lacking.1,13 However,
sex-based differences (or the lack thereof) have been well documented for traumatic injuries to
other joints or tissues in clinical human data and pre-clinical animal models. Female patients
initially reported shoulder function outcomes that were impaired compared to males three
months after rotator cuff repair but similar to males at one year.14 Also, at a one-year follow-up,
females had a greater heel-rise height deficit compared to males for non-surgically treated acute
Achilles tendon (AT) ruptures but results were similar between sexes for surgically-treated
1

Reprinted from: Reiter AJ, Schott HR, Castile RM, et al. 2020. Females and males exhibit similar functional,
mechanical and morphological outcomes in a rat model of post-traumatic elbow contracture. J Orthop Res Online:111.
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patients.15 In a rat model of AT rupture, females had superior healing at early time points with
improved ankle function and range of motion (ROM) but long-term results were similar to
males.16 Clinically, female patients demonstrated increased knee joint laxity and anterior cruciate
ligament (ACL) failure rate compared to males and were less likely to return to preinjury activity
levels following an ACL reconstruction.17 Likewise, following ACL reconstruction, female pigs
had decreased graft structural properties and increased knee laxity after 15 weeks of healing
compared to males.18 In a rat model of knee immobilization, pregnant rats had a non-significant
trend toward reduced contracture compared to non-pregnant rats, but this study lacked important
male-to-female comparisons.19
Taken together, these results suggest that sex can affect outcomes following traumatic
injury but that these effects may be tissue- and/or injury-specific. Therefore, the purpose of this
study was to evaluate sex-based differences in an established rat model of elbow PTJC in order
to potentially inform future therapeutics aimed at reducing or preventing elbow PTJC. We
hypothesized that male and female injured rats would show similar functional, mechanical and
morphological outcomes long-term.

4.2 Methods and materials
Injury model. In this Institutional Animal Care and Use Committee approved study,
unilateral elbow PTJC was induced in sexually mature20 male (n = 9, 9-10 weeks old, 330-380g)
and female (n = 10, 9-10 weeks old, 210-280g) Long-Evans rats (Charles River Laboratories,
Wilmington, MA, USA).5,6 While anesthetized, a randomized elbow of each animal underwent
an anterior capsulotomy and lateral collateral ligament (LCL) transection to replicate the soft
tissue damage that occurs during a simple elbow dislocation. Due to surgery complications, one
male injured animal was excluded, leaving only nine male animals included in the analysis.
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Following wound closure, each injured limb was unilaterally immobilized in bandages for 42
days. Bandages were removed and animals were allowed free mobilization (unrestricted cage
activity) for an additional 42 days. Age-matched male (n = 10) and female (n = 10) control
animals received no injury nor immobilization for the entire 84-day period (Fig. 4.1).

Fig. 4.1 Study design and timeline of data collection for grip strength, gait, mechanical testing, microcomputed
tomography (µCT) and histological analysis. Following an acclimation period to the grip strength device and gait
arena, data were collected weekly for both groups

Grip strength testing. Forelimb function was assessed using a custom bilateral grip
strength device that allowed simultaneous left and right limb measurements.9 Grip strength data
were collected weekly on animals during the free mobilization period beginning one week after
bandage removal for injured animals and equivalent time points for control animals (n = 9-10 per
group; Fig. 4.1). After placing the front paws onto two separate grip bars, animals were gently
pulled by the base of their tails until they released their grip. Maximum left and right limb force
values were recorded (n = 6 trials per animal per time point). One male control animal refused to
grip the bars during testing at later time points so all data were excluded for this animal.
Gait testing. To further quantify limb function, spatiotemporal gait data were collected at
the same time points as grip strength data (n = 9-10 per group; Fig. 4.1) using a custom gait
arena and analyzed with an open source MATLAB program (MathWorks, Natick, MA, USA).9,21
While voluntarily traversing the narrow arena at self-selected velocities, animal motion was
recorded with a high-speed video camera (FASTCAM Mini UX50, Photron, Tokyo, Japan)
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perpendicular to the direction of travel. A mirror, angled below the arena, allowed for
simultaneous recording of both sagittal and ventral planes. Forelimb spatiotemporal gait
parameters (duty factor, duty factor imbalance, temporal symmetry, stride length and spatial
symmetry) were calculated for trials with constant walking speed and containing at least three
complete gait cycles.22 Because of post-processing exclusion criteria (color thresholding errors,
varying velocity and/or less than three gait cycles), attempts were made to collect in excess of 10
trials per animal per time point. In total, after all exclusion criteria were met, gait data included n
= 5-11 trials per animal per time point with a few exceptions. Due to the voluntary nature of the
gait collection and limits of time available for acquisition, only three trials were collected on one
male control animal at day 84 and four trials on one female control animal at day 56; data were
included. Gait data could not be collected on one male and two female injured animals at day 49
because walking occurred without placing the injured paw on the ground; data for the remaining
time points of these animals were included. Following the last day of functional data collection at
the end of the free mobilization period (day 84), animals were euthanized via CO2 inhalation and
stored in a -20°C freezer.
Joint mechanical testing. After thawing animals for 24 hours, both forelimbs from each
animal were dissected, prepared, then tested for flexion-extension motion in a custom
mechanical system (male and female injured limbs: n = 9 and 10, respectively; male and female
contralateral limbs: n = 9 and 10, respectively; male and female control limbs: n = 20 and 20,
respectively).5 Limbs were cyclically loaded for five cycles to ±0.75N (±11.25N·mm of torque)
at 1.0 mm/s with overhead images taken at maximum flexion and extension. Measurements of
maximum flexion, maximum extension, total ROM and neutral zone (NZ) length were quantified
using a MATLAB program. The NZ length describes the relatively resistance-free ROM
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represented by the flatter region on the torque–angular position curve between maximum flexion
and extension.5 Once testing was complete, limbs were stored in 1% phosphate-buffered saline
and placed in a -20°C freezer.
Micro-computed tomography (µCT). Excess soft tissue was removed from a randomlychosen subset of the mechanically-tested forelimbs, leaving a small amount of muscle and other
periarticular soft tissues surrounding the joint in order to preserve the elbow structure (male and
female injured limbs: n = 5 and 5, respectively; male and female contralateral limbs: n = 5 and 5,
respectively; male and female control limbs: n = 5 and 5, respectively). Once dissected, limbs
were fixed at 90º of flexion with 4% paraformaldehyde for 72 hours, then stored in 70% ethanol.
Limbs were scanned in 2% agarose inside a 30-mm-diameter tube using a SCANCO µCT 40
(SCANCO Medical, Brüttisellen, Switzerland) to quantify ectopic calcification (EC) surrounding
the joint (isometric voxel size = 15µm3, x-ray tube potential = 70kVp, x-ray intensity = 114µA,
integration time = 300ms). Using Dragonfly software (Object Research Systems, Montreal,
Canada), a global linear attenuation coefficient threshold of 1400-7220cm-1 (330-1250mg of
calcium hydroxyapatite/cm3 (mg HA/cm3)) was applied to all scans. Any calcification adjacent,
but not attached, to the bony structures of the elbow joint larger than 0.08mm3 was defined as
EC. Preliminary evaluation determined that a threshold volume of 0.08mm3 successfully
identified structures that were 2.5% of the largest EC observed and were obviously above the
level of noise. The largest EC object in each scan was segmented manually and evaluated for
bone volume (BV), total volume (TV), bone volume fraction (BV/TV), tissue mineral density
(TMD) and bone mineral density (BMD). A five-point linear calibration of solid-state phantoms,
covering a range from 0 to 800mg HA/cm3 was used to convert TMD and BMD linear
attenuation coefficients to densities. Due to scanning issues, one male injured animal was
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removed from the TMD and BMD data sets; BV, TV and BV/TV data were still included for this
sample.
Histological analysis. After µCT scans, limbs were prepared for histological analysis
(male and female injured limbs: n = 5 and 5, respectively; male and female contralateral limbs: n
= 5 and 5, respectively; male and female control limbs: n = 5 and 5, respectively).5 Six sagittal
sections per limb were cut and stained with either hematoxylin and eosin (H&E) or toluidine
blue (5µm thick, 3 sections per stain). Anterior capsule tissues of elbow joints on blinded
sections were subjected to semiquantitative scoring by a musculoskeletal pathologist for
characteristics of interest.5,8 In H&E sections, adhesion and fibrosis were scored as absent (-) or
present (+); inflammation was scored as none (-), mild (+), moderate (++) or marked (+++);
cellularity was scored as none to minimal (+), mild (++), moderate (+++) or marked (++++); and
myofibroblasts/fibroblasts were scored as mild (+), moderate (++) or marked (+++). In toluidine
blue sections, mast cells were scored as <6 cells (+), 6 to 10 cells (++) and >10 cells (+++) per
field at ×40 magnification. Capsule thickness was measured on each section, averaged across
groups, then normalized by the thickness of the control capsules. To account for variation in
thicknesses due to sections cut at slightly different depths and orientation angles, numerical
values were converted to a symbolic grading scheme similar to other reported parameters:
<150μm (-), 151 to 300μm (+), 301 to 450μm (++), 451 to 600μm (+++) and >600μm (++++).
Statistical analysis. For grip strength and gait data, linear mixed models were developed
in JMP (SAS Institute, Cary, NC) to account for random effects (individual animals and repeated
measures) and fixed effects (sex, injury group, time point, weight and interactions) and to
appropriately evaluate the relevant hypothesis (change in parameter over time between sex and
injury group). Animal weights were measured weekly so that temporal changes in individual
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animal growth could be included in the models. Because gait collection allowed for self-selected
walking speed, velocity was also included as a fixed effect in gait models. In total, nine separate
statistical models were developed to compare: (1) injured and (2) contralateral limb grip strength
to the left and right control limb average grip strength; (3) injured-to-contralateral limb grip
strength difference to left-to-right difference for control animals; (4) injured and (5) contralateral
forelimb duty factor to the average forelimb duty factor in control animals; and (6) forelimb duty
factor imbalance, (7) temporal symmetry, (8) stride length and (9) spatial symmetry in injured
animals to control animals. Model adjusted outcomes for an animal of average weight, and
velocity for gait data, are presented as 95% confidence intervals (95% C.I.). For joint mechanical
testing and µCT data, two-way ANOVAs were used to evaluate factors of sex (male and female)
and injury (control, injured and contralateral limbs). In all statistical tests, significance was
defined as p<0.05.

4.3 Results
Grip strength. Model adjusted grip strength for male and female injured limbs improved
similarly across time (304g increasing to 437g from day 49 to 84 for males, and 257g increasing
to 411g from day 49 to 84 for females) but were decreased compared to their respective control
group (357g and 158g less for males at day 49 and 84, respectively, and 240g and 91g less for
females at day 49 and 84, respectively; Fig. 4.2A). Within each sex, contralateral limbs were
similar to control limbs, but sexes were different from each other (~100g difference between
sexes in combined average of control and contralateral limbs across all time points; Fig. 4.2B).
The interaction of sex, injury and time was significant for both injured and contralateral limbs
compared to control limbs, meaning that recovery for each limb differed between sexes (Table
4.1). To account for the differences between male and female control limbs (Fig. 4.2A-B) and
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allow for better direct comparisons, side-to-side grip strength difference (injured minus
contralateral limb grip strength for injured animals; left minus right limb grip strength for control
animals) was calculated (Fig. 4.2C). Grip strength difference for male injured animals showed a
greater deficit at early time points compared to female injured animals (-381g and -230g at day
49 for males and females, respectively; Fig. 4.2C). While both sexes recovered over time, neither
reached control animal values (~100g deficit at day 84; Fig. 4.2C). Again, the interaction of sex,
injury and time was significant, meaning that recovery for each limb varied by sex (Table 4.1).
Ultimately, by day 84, male and female injured animals were similar (-114g and -118g for males
and females, respectively; Fig. 4.2C). Detailed results of the linear mixed models for grip
strength data are represented by the summary of fit, significance of fixed effects and restricted
maximum likelihood (REML) variance component estimate of random effects (Table 4.1).

Fig. 4.2 Grip strength data: (A) Injured limb and (B) contralateral limb grip strength compared to the left and right
control limb average as well as (C) injured‐to‐contralateral limb grip strength difference compared to left‐to‐right
difference for control animals. (data shown are model adjusted outcomes for an animal of average weight; 95% CI;
M, male; F, female; C, control; INJ, injured; CL, contralateral; L‐R, left minus right control limb; INJ‐CL, injured
minus contralateral limb; p < .05)
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Summary
of Fit

Table 4.1 Grip strength linear mixed model summary of fit, significance of fixed effects and REML variance
component estimate of random effects.

A

B

C

INJ Limb
Grip Strength

CL Limb
Grip Strength

Grip Strength
Difference

R2

0.776

0.577

0.641

RMSE

75.0

80.3

95.3

Fixed Effects

Source
Time

<.0001

<.0001

<.0001

Treatment Group

<.0001

0.2871

<.0001

Time*Treatment
Group

<.0001

0.0004

<.0001

Stud Res Wt

0.0090

0.0003

0.4320

Sex

0.0097

<.0001

0.0344

Sex*Time

<.0001

<.0001

<.0001

0.0051

0.1869

0.1382

<.0001

0.0001

0.0022

Sex*Treatment
Group
Sex*Time*Treatment
Group

REML
Variance

P-value

Random Effect

Variance Component (Percent of Total)

Animal Number

5044.0 (47.3)

4492.5 (41.1)

4166.7 (31.4)

Trial Number

5619.4 (52.7)

6440.3 (58.9)

9085.5 (68.6)

1

Note: (A) INJ or (B) CL limb grip strength = model details for injured or contralateral limb compared to control
limbs average; (C) grip strength difference = model details for limb differences in injured animals compared to limb
differences in control animals; time = time point (Days 49, 56, … 84); treatment group = injured, contralateral or
control; stud res wt = studentized residual weight; sex = male or female; animal number = individual animal
identification; trial number = repeated measurements on an animal at given time point (bold = significant effect; p <
.05).

Gait. Model adjusted duty factor for male injured limbs remained decreased from control
limbs at all time points (0.046 less on average) while female injured limbs recovered quickly
after being initially decreased (0.050 less at day 49 improving to a difference of 0.008 by day 63;
Fig. 4.3A). Conversely, duty factor for male contralateral limbs was increased from control limbs
only at early time points (0.081 more at day 49 improving to a difference of 0.016 by day 63)
while female contralateral limbs remained increased from control limbs at all time points (0.107
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Fig. 4.3 Gait data: (A) Injured limb and (B) contralateral limb duty factor compared to the average control forelimb
duty factor. (C) Forelimb duty factor imbalance, (D)temporal symmetry, (E) stride length, and (F) spatial symmetry
in injured and control animals. (data shown are model adjusted outcomes for an animal of average weight and
velocity; 95% CI; M, male; F, female; C, control; INJ, injured; CL, contralateral; L‐R, left minus right control limb;
INJ‐CL, injured minus contralateral limb; p < .05)

and 0.036 more at day 49 and 84, respectively; Fig. 4.3B). The interaction of sex, injury and time
was significant for contralateral limb but not injured limb duty factor compared to control limbs
(Table 4.2). Furthermore, obvious differences existed between sexes and treatment groups across
time (Fig. 4.3A-B). To better directly compare overall duty factor differences between groups
and account for the differences in duty factor between male and female control limbs (Fig. 4.3AB), duty factor imbalance (or side-to-side limb difference) was calculated (Fig. 4.3C). Sexes
showed similar decreases in duty factor imbalance compared to control animals with partial
recovery over time (~0.15 and ~0.05 less at day 49 and 84, respectively; Fig. 4.3C). Temporal
symmetry showed a similar trend to duty factor imbalance (~0.15 and ~0.06 less at day 49 and
84, respectively; Fig. 4.3D). Importantly, sex or any interaction including sex was not a
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Table 4.2 Gait linear mixed model summary of fit, significance of fixed effects and REML variance component
estimate of random effects.

A

B

INJ Limb
Duty
Factor

CL Limb
Duty
Factor

R2

0.804

0.856

0.686

RMSE

0.028

0.024

0.033

Fixed Effects

Source

D

E

F

Stride
Length

Spatial
Symmetry

0.673

0.860

0.736

0.036

0.794

0.026

Duty
Temporal
Factor
Symmetry
Imbalance

P-value

Time

<.0001

<.0001

<.0001

<.0001

<.0001

<.0001

Treatment Group

0.0001

<.0001

<.0001

<.0001

<.0001

<.0001

Time*Treatment
Group

<.0001

<.0001

<.0001

<.0001

<.0001

<.0001

Stud Res Wt

<.0001

0.0195

<.0001

<.0001

0.0024

<.0001

Stud Res Vel

<.0001

<.0001

0.9255

0.3226

<.0001

0.0155

Sex

<.0001

<.0001

0.1939

0.6325

0.0027

0.7656

Sex*Time

<.0001

<.0001

0.4709

0.5994

<.0001

0.4632

0.0787

0.0302

0.9517

0.3866

0.9267

0.1307

0.0738

0.0180

0.6671

0.4178

<.0001

0.0740

Sex*Treatment
Group
Sex*Time*Treatment
Group

REML
Variance

C

Random Effect
Animal Number
Trial Number

Variance Component (Percent of Total)
0.00051
(39.6)
0.00078
(60.4)

0.00063
(51.5)
0.00059
(48.5)

0.00057
(34.7)
0.00108
(65.3)

0.00077
(37.4)
0.00128
(62.6)

0.72933
(53.4)
0.63058
(46.4)

0.00038
(36.9)
0.00066
(63.1)

1

Note: (A) INJ or (B) CL limb duty factor = model details for injured or contralateral limb duty factor compared to
average forelimb duty factor in controls; (C) duty factor imbalance, (D) temporal symmetry, (E) stride length, and
(F) spatial symmetry = model details for specified injured animal parameter compared to control animal parameter;
time = time point (Days 49, 56, … 84); treatment group = injured, contralateral or control; stud res wt = studentized
residual weight; stud res vel = studentized residual velocity; sex = male or female; animal number = individual
animal identification; trial number = repeated measurements on an animal at given time point (bold = significant
effect; p < .05).

significant factor in either parameter (Table 4.2). Stride length for both male and female injured
animals were initially decreased compared to control animals (3.2cm and 3cm less at day 49 for
males and females, respectively) but steadily recovered over time (0.3cm and 1cm less at day 84
for males and females, respectively; Fig. 4.3E). Similar to duty factor, baseline differences
existed between sexes in control animals (Fig 4.3E), so spatial symmetry was calculated (step
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length divided by stride length, Fig. 4.3F). Spatial symmetry showed a similar trend to duty
factor imbalance and temporal symmetry, namely large initial differences, improvement over
time, but a plateau that remained decreased compared to control (~0.12 and ~0.05 less at day 49
and 84, respectively; Fig. 4.3F). Again, sex or any interaction including sex was not a significant
factor in spatial symmetry (Table 4.2). Results of the linear mixed models for gait data are
represented by the summary of fit, significance of fixed effects and restricted maximum
likelihood (REML) variance component estimate of random effects (Table 4.2).
Joint mechanics. Maximum extension (Fig. 4.4A) and NZ length (Fig. 4.4D) values
showed statistically significant effects for injury and sex but no interaction. While the effect for
sex was significant in both measurements, maximum extension values for females were only
slightly smaller (~4° on average) than male values (Fig. 4.4A), while NZ length values were
slightly larger (~2°) compared to male values (Fig. 4.4D). Maximum flexion showed only a
significant effect for sex with females appearing only slightly smaller (~5°) compared to males
overall (Fig. 4.4B). While female maximum extension and flexion values were both slightly
smaller than males such that the sex main effect was significant, total ROM was not different
between sexes, with injury being the only significant main effect (Fig. 4.4C).
Ectopic calcification. Interestingly, EC was present in all limbs, suggesting Long-Evans
rats inherently have partially calcified periarticular soft tissue near the elbow joint (Fig. 4.5).
Furthermore, EC was observed only on the lateral side. While EC was present in all limbs,
control and contralateral limbs had only one object identified as EC whereas injured limbs had
up to four and two objects in males and females, respectively (Fig. 4.6A). The number of ECs, as
well as BV, TV and BV/TV (of the largest EC present) had a significant effect for injury but not
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sex, nor did these parameters exhibit a significant interaction term (Fig. 4.6A-D). TMD and
BMD values showed no significant differences (Fig. 4.6E-F).

Fig. 4.4 Joint mechanics data: (A) Maximum extension, (B) maximum flexion, (C) total ROM and (D) NZ length in
injured, contralateral and control limbs. (mean ± SD; C, control; INJ, injured; CL, contralateral; ROM, range of
motion; NZ, neutral zone; #injury effect; *sex effect; p < .05)
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Fig. 4.5 Representative reconstructed µCT scans showing ectopic calcification: (A) Lateral and (B) anterior view for
a male control limb and (C) lateral and (D) anterior view for a male injured limb. (images shown are for limbs with
median‐sized EC bone volume; µCT, micro-computed tomography; H, humerus; R, radius; U, ulna; red coloring,
largest EC; green/blue coloring, additional EC present in injured limbs)

Fig. 4.6 Ectopic calcification (EC) data: (A) EC objects were present in all limbs. EC (B) BV, (C) TV, (D) BV/TV,
(E) TMD and (F) BMD in injured, contralateral and control limbs. (mean with data points for (A), all others mean ±
SD; C, control; INJ, injured; CL, contralateral; BV, bone volume; TV, total volume; TMD, tissue mineral density;
BMD, bone mineral density; #injury effect; *sex effect; p < .05)
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Histological analysis. Semiquantitative results for anterior capsule histology showed
minimal differences between sexes overall (Table 4.3). Within male and female animals, injured
limbs showed evidence of adhesions and fibrosis with increased levels of cellularity and
myofibroblasts/fibroblasts compared to control and contralateral limbs; between sexes, these
parameters were similar. Capsule thickness for male injured limbs was increased compared to
male control and contralateral limbs, while female injured limbs were similar to control and
contralateral. Among female animals, injured limbs showed greater inflammation compared to
control and contralateral limbs, while male injured limbs were similar to control and
contralateral.
1
Table 4.3 Histological analysis of the anterior capsule showed minor differences between sexes for inflammation
and thickness in injured limbs.

Female

Male

Adhesions Fibrosis Inflammation Thickness Cellularity
C
INJ
CL
C
INJ
CL

+
+
-

+
+
-

+
-

+
-

+
++
+
+
++
+

Myofibroblasts/
Fibroblasts

Mast
Cells

+
++
+
+
++
+

+
+
+
+
+
+

4.4 Discussion
This study investigated sex-based differences in an established rat model of elbow PTJC
where previous work evaluated only male animals.5–11 While previous work investigated
temporal changes in PTJC,8 this study focused on evaluating differences between sexes. This
study also utilized µCT to quantify EC in this injury model for the first time. In general, few
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differences were seen between sexes while injury played a significant role in outcomes in both
male and female animals.
Functional measures of grip strength and gait showed that while some baseline
differences existed between sexes in control animals (grip strength (Fig. 4.2A-B), duty factor
(Fig. 4.3A-B) and stride length (Fig. 4.3E)), once adjusted, sex was not a significant effect in
many outcomes (duty factor imbalance (Fig. 4.3C), temporal symmetry (Fig. 4.3E) and spatial
symmetry (Fig. 4.3F)). Grip strength difference revealed that female injured animals performed
better than males at early time points but ultimately were similarly decreased from controls at
day 84 (Fig. 4.2C). In gait data, injured males showed a tendency to spend less time on their
injured limb at all time points (Fig. 4.3A) and more time on their contralateral limb at early time
points (Fig. 4.3B) compared to control animals. In contrast, female injured animals spent less
time on their injured limb only at early time points (Fig. 4.3A) and more time on their
contralateral limb at all time points (Fig. 4.3B) compared to controls. However, duty factor
imbalance showed that although sexes compensated differently, the adjusted gait abnormality
was similar (Fig. 4.3C). Likewise, differences between sexes for stride length in control animals
make comparisons somewhat uncertain (Fig 4.3E). Spatial symmetry (step length divided stride
length) corrects for these differences between control groups to better assess spatial
abnormalities. Again, once adjusted, spatial symmetry was similar between sexes (Fig. 4.3F).
Although a different injury, a rat model of AT rupture showed similar results with sexes having
similar limb function 42 days after injury.16 In a clinical setting, male and female patients have
reported similar functional outcomes one-year after rotator cuff repair surgeries14 and nonsurgically treated acute AT ruptures.15 Data in our animal model is consistent with the sexspecific functional data in these prior studies.
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Post-mortem joint mechanics reveled that injury was a highly significant main effect for
maximum extension, total ROM and NZ length (Fig. 4.4). Although sex was a significant factor,
females had only a very slight reduction in maximum extension and flexion, as well as a subtle
increase in NZ length compared to males. Importantly, patient outcomes after a simple elbow
dislocation in humans showed no differences between sexes for extension, flexion or ROM,
similar to these results.1 To date, no joint contracture models involving immobilization with or
without injury have investigated male-to-female differences. In one study, immobilized knees
without injury in pregnant rats had a non-significant trend toward reduced contracture compared
to non-pregnant rats, but this study lacked important male-to-female comparisons.19
Heterotopic ossification (HO) is the presence of bone in soft tissue where bone normally
does not exist.23,24 HO is a known clinical complication following elbow trauma that affects 376% of patients depending on the type and severity of injury and may be a contributing factor to
loss of joint ROM.25–28 Clinical evidence reports that HO occurs in the lateral/medial collateral
ligaments and anterior capsule following an elbow dislocation similar to this injury model. 3,25
However, HO had not been previously investigated in this rat model of elbow PTJC.
Since calcified structures were present in all animals, including uninjured elbows of
Long-Evans rats (Fig. 4.5, 4.6A), we refer to these osseous objects as EC instead of HO, which is
the term typically used clinically. Previous work in a mouse knee injury model found that EC
was present in sham animals, similar to the current findings.29 However, it is possible that the EC
could be sesamoid bone that formed initially during development, though further investigation in
required.30 Clinical HO has been previously categorized into three degrees: amorphous
calcifications, immature calcifications and mature calcifications.31 The EC in this model was
assessed to be maturing (between immature and mature calcifications) based on its defined
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cortical margins with some initial trabecular formation. Anatomically, the largest EC objects
were localized in the vicinity of the LCL but not the region of the anterior capsule, although the
precise anatomical location could not be directly confirmed since soft tissues were not contrastenhanced. Previous work in the same rat elbow model found that the LCL was a significant
contributor to contracture at late time points; the increase in BV or TV of the EC object due to
injury could be a factor.11,12 Focusing on the largest EC object in each limb, injury, but not sex,
was a significant factor for BV, TV and BV/TV (Fig 4.6B-D). The increase in TV and relatively
small increase in BV that occurred with limb injury and immobilization showed that the larger
EC objects were structurally less dense compared to similar (smaller) objects in control and
contralateral limbs (Fig. 4.6B-D). However, there were no significant effects among the TMD or
BMD data (Fig. 4.6E-F). Notably, TMD agreed with previously reported values of 480-770mg
HA/cm3 for hip HO.32
Histological results of the anterior capsule were overall similar between sexes (Table
4.3). Similarly, anterior capsule tissue collected from patients at the time of joint release for posttraumatic contracture showed no difference in collagen disorganization or MMP staining
between male and female specimens.13 In contrast, female injured capsules were unexpectedly
not thicker than control or contralateral capsules (as seen in males), and mild inflammation was
still present in female injured capsules (which had resolved in male tissue). These subtle but
important differences between sexes should be investigated in future work. Earlier or later time
points could more clearly reveal a shifted and/or different healing response between sexes in this
injury model.
This study is not without limitations. We did not control for menstrual cycle in females
where relatively rapid changes in circulating hormones could cause variable responses among
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animals. However, the menstrual cycle in rats is only 4 days, meaning animals experienced
numerous cycles throughout the 84-day study. Additionally, only young adult animals were used
in this study. Future studies could investigate sex differences in juvenile, adult and aged animals.
Also, joint mechanical testing, µCT analysis and histological evaluation were only completed at
day 84. Future work could evaluate the temporal response of these parameters similar to
longitudinal assessment of grip strength and gait. In addition to quantitative analysis of µCT
images, examination of bone surface morphology revealed irregularities in injured limbs
compared to control (Fig. 4.5). Future studies could explore the potential presence of osteophytes
or enthesophytes. Finally, histological analysis focused on the anterior capsule but EC was
present in the vicinity of the LCL only. With previous work demonstrating that the LCL is a
significant contributor to ROM loss,11 future work will seek to evaluate LCL as well as other
lateral periarticular tissue histological changes in this animal model.
In conclusion, this study explored sex-based differences in a rat model of elbow PTJC.
Overall, few meaningful differences were seen between sexes in functional, mechanical and
morphological outcomes with symptoms of PTJC being similarly debilitating in male and female
animals. Results further validate the use of our injury/immobilization protocol for creating a
clinically relevant rat model of long-term post-traumatic joint contracture, now demonstrated for
male or female animals. A quantitative understanding of sex-based differences associated with
this injury model will help inform future therapeutics aimed at reducing or preventing elbow
PTJC.
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Chapter 5: Effects of physical therapy
timing, intensity and duration on posttraumatic elbow contracture in a rat model:
a preliminary study1
5.1 Introduction
Post-traumatic joint contracture (PTJC), characterized by loss of motion and permanent
stiffness, affects up to 50% of patients following elbow joint dislocation or fracture.1,2 Not only
is the elbow the most commonly dislocated joint in the pediatric population and second most
common in adults,3 it is also particularly susceptible to PTJC due to its high degree of joint
congruency and constraint.4,5 Conservative treatment protocols to prevent elbow PTJC including
physical therapy, bracing, and manual manipulation have varying degrees of success.6–10 In more
severe elbow injuries, permanent functional deficits often remain with nearly 12-15% of patients
requiring surgical intervention when standard non-operative treatments are unsuccessful.11 While
conservative treatment protocols such as physical therapy are desirable to prevent PTJC and
avoid operative treatments, mechanisms governing successful protocols are poorly understood.
To date, published studies on this topic have been predominantly case series or retrospective
analyses, so there is little comparative data with which to evaluate different approaches.6,12–15
The lack of randomized control trials makes determination of optimal clinical treatment
approaches challenging, leading to subjective and inconsistent physical therapy protocols.

1

Reprinted from: Reiter AJ, Castile RM, Schott HR, et al. 2021. Investigating the effects of physical therapy timing,
intensity and duration on post-traumatic joint contracture in a rat elbow model: a preliminary study. Musc Lig Tend
J In review.
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Despite the lack of guidance on specific levels of physical therapy dosage and timing,
clinicians generally agree that active, functional exercises along with patient education are key
components to a successful rehabilitation program.16 An animal model offers an ideal approach
to test and define general therapy guidance focused on active, functional exercises aimed at
preventing elbow PTJC. Animal models allow for a repeatable injury pattern, consistent therapy
protocol and controlled joint testing. To this end, a previously established rat model of elbow
PTJC that shows functional, mechanical and histological changes similar to human patients17–20
was leveraged to explore the effect of varying timing, intensity and duration of active, functional
exercise on joint motion outcomes. This work summarizes several preliminary studies (Phases IIII) that investigated the effects of early versus delayed therapy (timing), free mobilization versus
forced treadmill walking (intensity), and limited-time versus unlimited use (duration) on elbow
PTJC. We hypothesized that (1) a higher intensity therapy of forced treadmill walking as
compared to free mobilization would increase joint motion outcomes when physical therapy is
delayed (Phases I and II), and (2) a longer duration therapy of unlimited use as compared to
limited-time use would increase joint motion outcomes when physical therapy is administered
early (i.e., Phase III).

5.2 Methods and materials
Animal injury model. In this Institutional Animal Care and Use Committee approved
study, a clinically-relevant elbow dislocation was surgically-induced in male Long-Evans rats (n
= 10, Charles River Laboratories, Wilmington, MA, USA).17,18 While anesthetized, one elbow of
each animal was subjected to an anterior capsulotomy and lateral collateral ligament transection
to replicate the soft tissue damage that occurs during a simple elbow dislocation injury in
humans. Due to surgery complications, one animal was excluded, leaving nine injured animals.
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Following surgery, the injured forelimbs were immobilized in bandages for 42 days. Bandages
were removed and animals were allowed free mobilization (unrestricted cage activity) for an
additional 42 days. Age-matched control animals (n = 10) received no injury and were allowed
free mobilization for the entire 84-day period (Fig. 5.1A).
Therapy and treadmill protocols. Experimental groups consisted of three
chronologically conducted preliminary studies (Fig. 5.1, Phases I-III). Physical therapy to the
injured elbow was administered by increasing the intensity of forelimb use via forced, flat
treadmill walking and/or varying the timing and duration of free mobilization. A commercially
available, home fitness treadmill (Horizon Fitness, Cottage Grove, WI, USA) was modified to
reduce the speed range suitable for walking rodents (Fig. 5.2). Briefly, four small magnetics were
spaced evenly around the front roller (as opposed to the original single magnet) causing the
speed sensor to maintain the belt speed at a four-fold reduction from the displayed speed.
Custom acrylic boxes with lanes were built and mounted on the treadmill to restrict movement
along the direction of belt motion (Fig. 5.2). The award-winning, budget-friendly treadmill also

Fig. 5.1 (A) Phase I and II delayed therapy and (B) Phase III early therapy protocols explored the timing, intensity
and duration of active, functional exercise on joint motion outcomes. (IM = immobilization; FM = free mobilization;
LM = time-limited free mobilization; TR = treadmill walking; group border color corresponds to data column
shading in Fig. 5.3)
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included a cup holder to store cold water for the animals and a receptacle to place a portable
electronic device for playing motivational music. Colorful matching sweatbands were provided
to each animal to promote participation and build esprit de corps.

Fig. 5.2 A home fitness treadmill with walking lane boxes mounted above was modified to reduce the speed range
suitable for walking animals.

Phase I investigated if forced treadmill walking would improve joint motion outcomes to
a greater extent than free mobilization alone (Fig. 5.1A). Following elbow dislocation surgery
and 42 days of immobilization, animals (n = 3) were allowed free mobilization for 7 days (i.e.,
study days 42-49). For the remaining 35 days of the free mobilization period (i.e., study days 4984), animals were subjected to treadmill walking for 60 minutes at 10 m/min 3x/week. Previous
studies subjecting rats to treadmill walking used protocols with up to 60 minutes per session at
12 m/min 6x/week.21,22
After reviewing results from Phase I, Phase II was developed to begin therapy earlier and
alter intensity while maintaining the established 42-day immobilization period (Fig. 5.1A).
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During Phase II, experimental animals (n = 12) were removed from immobilization bandages
3x/week beginning at day 14 post-injury (instead of day 42) to perform free mobilization for 60
minutes (n = 4), treadmill walking for 30 minutes at 12 m/min (instead of 10 m/min) plus free
mobilization for 30 minutes (n = 4), or treadmill walking for 60 minutes at 12 m/min (n = 4).
Following their prescribed therapy each day (total of 60 minutes), animals were placed back in
immobilization bandages. Because animals did not have several days of free mobilization before
beginning treadmill walking as they did in Phase I, an acclimation period was designed in the
walking protocol. Treadmill duration and speed were gradually increased during the first week
until reaching the full 30 or 60 minutes at 12 m/min on day 21; during this week of reduced
treadmill time, animals spent the remaining time with free mobilization. Therapy continued until
day 42 when bandages were permanently removed allowing free mobilization for an additional
42 days (i.e., until study day 84). One animal in the group performing treadmill walking for 60
minutes refused to walk so was removed from the study leaving only three animals in this group.
After reviewing results from Phase II, Phase III was designed to more aggressively
investigate therapy intensity and duration (Fig. 5.1B). During Phase III, experimental animals (n
= 9) began therapy at day 3 post-injury. This day was chosen because previous results with this
animal model suggested the joint is likely unstable during these first few days.19 Limb use during
this period could potentially cause damaging effects. One group of animals were removed from
immobilization bandages 5x/week to perform treadmill walking for 30 minutes at 12 m/min (n =
3). Following each therapy session, these animals were placed back in immobilization bandages
similar to Phase II. Two separate groups were removed from immobilization bandages
permanently at day 3 post-injury: one group performed only free mobilization (n = 3) while the
other group performed treadmill walking for 30 minutes at 12 m/min 5x/week in addition to the
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free mobilization (n = 3). Treadmill duration and speed were gradually increased during the first
two sessions (day 3-4) until reaching the full 30 minutes at 12 m/min on day 7; during these days
of reduced treadmill time, animals spent the remaining time with free mobilization. Other
ongoing studies determined that range-of-motion (ROM) loss in this injury model was significant
as early as day 21 post-injury.19 Therefore, Phase III was designed with a day 21 terminal time
point including a separate control (n = 3) and injury (n = 3) group in order to significantly
decrease the overall length of the animal study. Animals were euthanized via CO2 inhalation and
stored in a -20 °C freezer at either day 84 (Phases I and II) or day 21 (Phase III).
Joint mechanical testing. After thawing animals for 24 hours, both forelimbs from
control animals (day 84: n = 20; day 21: n = 6) and injured forelimbs from injured (day 84: n = 9;
day 21: n = 3) and therapy (n = 3-4/group) animals were tested for flexion-extension joint motion
in a custom mechanical system.17 Following an established testing protocol,17 limbs were loaded
for five cycles to ±11.25 N·mm at 1.0 mm/s with overhead images taken at maximum flexion
and extension. Torque and angular position data were analyzed using a MATLAB program
(MathWorks, Natick, MA, USA) to quantify measurements of maximum flexion, maximum
extension, total ROM and neutral zone (NZ) length.17 The NZ length describes the relatively
resistance-free ROM represented by the flatter region on the torque–angular position curve
between linear fits of the flexion and extension stiffness.
Statistical analysis. Within each Phase (i.e., I, II, or III), one-way analysis of variance
(ANOVA) tests were used to compare each mechanical testing parameter between all groups.
When significance was found, post-hoc comparisons with Bonferroni corrections compared the
injured and experimental group(s) to the control group. Significance was defined as p<0.05 for
all tests.
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5.3 Results
The Phase I experimental group (delayed therapy beginning at day 42 post-injury) had a
significantly larger maximum extension (Fig. 5.3A, p < 0.0001), smaller total ROM (Fig. 5.3E, p
< 0.0001) and smaller NZ length (Fig. 5.3G, p < 0.0001) compared to controls with values
remaining similar in magnitude to injured animals (Table 5.1). Likewise, Phase II experimental
groups (delayed therapy beginning at day 14 post-injury) exhibited significantly larger maximum
extension (Fig. 5.3A, p < 0.0001), smaller total ROM (Fig. 5.3E, p ≤ 0.0002) and smaller NZ
length (Fig. 5.3G, p ≤ 0.0002) compared to controls with values remaining similar in magnitude
to injured animals regardless of therapy intensity (Table 5.1). The Phase III experimental group
(early therapy beginning at day 3 post-injury) performing treadmill walking but remaining in
immobilization bandages after each session (Phase III TR) also showed no improvements; again,
maximum extension (Fig. 5.3B, p < 0.0001), total ROM (Fig. 5.3F, p < 0.0001) and NZ length
(Fig. 5.3H, p < 0.0001) were significantly different compared to controls with values remaining
similar in magnitude to injured animals (Table 5.1). However, both Phase III experimental
groups where limbs were permanently removed from immobilization bandages at day 3 postinjury (without and with additional treadmill walking, FM and FM+TR, respectively) showed
large improvements. Maximum extension (Fig. 5.3B), total ROM (Fig. 5.3F) and NZ length (Fig.
3H) in both therapy groups were only slightly, non-significantly different from controls (p ≥
0.7011) with differences <10° (Table 5.1). Comparatively, injured animals showed differences
relative to controls in maximum extension, total ROM and NZ length of 61°, 54° and 45°,
respectively (Table 5.1). Maximum flexion (Fig. 5.3C-D, Table 5.1) showed no differences
across all groups. In this animal model, injury is not induced on the posterior joint and the limb is
immobilized in flexion so changes in maximum flexion are not expected.
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Fig. 5.3 Phase I and Phase 2 experimental group had a significantly different (A) maximum extension, (E) total
ROM and (G) NZ length compared to controls and remained similar to injured animals. Phase III experimental
group performing treadmill walking but remaining in immobilization bandages after each session also showed no
improvements having a significantly different (B) maximum extension, (F) total ROM and (H) NZ length compared
to controls and remained similar to injured animals. However, both Phase III experimental groups that were
permanently removed from immobilization bandages at day 3 post-injury showed large improvements in (B)
maximum extension, (F) total ROM and (H) NZ length compared to injured limbs and were only slightly, nonsignificantly different from controls. As expected, (C-D) maximum flexion showed no differences across all groups.
(ROM = range-of-motion; NZ = neutral zone; FM = free mobilization; LM = time-limited free mobilization; TR =
treadmill walking; * = different from control; p < 0.05; data column shading corresponds to group border color in
Fig. 5.1)
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Table 5.1 Joint motion mechanical testing data.

Delayed
Therapy

Phase 1
Phase 2

Max Extension

Max Flexion

Total ROM

NZ Length

A

C

E

G

Control

19.4 ± 2.2

144.9 ± 3.6

125.6 ± 4.0

94.8 ± 6.0

Injured

49.0 ± 7.3

146.1 ± 2.8

97.1 ± 8.5

72.2 ± 7.4

FM+TR

48.7 ± 1.4

144.5 ± 4.9

95.8 ± 5.8

63.5 ± 6.9

LM

54.9 ± 18.0

140.5 ± 5.2

85.6 ± 22.2

62.1 ± 18.1

LM+TR

51.6 ± 10.7

143.2 ± 5.8

91.6 ± 10.3

66.9 ± 10.5

45.8 ± 8.4

145.7 ± 0.8

99.9 ± 8.7

70.7 ± 3.5

B

D

F

H

Control

14.5 ± 3.0

141.2 ± 3.3

126.7 ± 3.1

97.8 ± 5.3

Injured

75.5 ± 12.8

147.9 ± 1.7

72.5 ± 12.8

52.6 ± 11.4

TR

79.5 ± 16.2

146.3 ± 3.3

66.8 ± 18.9

51.3 ± 15.5

FM

20.9 ± 5.2

140.6 ± 5.2

119.7 ± 10.2

88.7 ± 10.5

FM+TR

23.3 ± 4.3

140.3 ± 6.3

117.0 ± 10.2

88.1 ± 8.3

Early
Therapy

TR

Phase 3

Note: ROM = range-of-motion; NZ = neutral zone; FM = free mobilization; LM = time-limited free mobilization;
TR = treadmill walking; column letter A-H corresponds to panel in Fig. 5.3; bolded values denotes successful
therapy groups

5.4 Discussion
This work summarizes three chronological preliminary studies investigating the effects of
early versus delayed therapy (timing), free mobilization versus forced treadmill walking
(intensity), and limited-time versus unlimited use (duration) on joint motion outcomes. Previous
work with this animal model concluded that following injury and 42 days of immobilization,
joint motion was only partially restored with free mobilization from day 42 to 84 meaning that
contracture persisted long-term.18,19 Phase I increased the intensity of therapy via treadmill
walking during this free mobilization period in an attempt to restore additional motion. Contrary
to our hypothesis, joint motion outcomes showed that this protocol was ineffective (Fig.
5.3A,E,G). As such, Phase II was developed in order to begin therapy earlier and vary intensity
while maintaining the established 42-day immobilization protocol. Time-limited free
mobilization or treadmill walking of injured limbs (with limbs remaining immobilized when not
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conducting therapy) were expected to improve joint motion outcomes while allowing for proper
healing to occur. Again, outcomes showed no improvements for any of the groups at day 84 (Fig.
5.3A,E,G), leading to development/implementation of an aggressive Phase III early therapy
protocol. Interestingly, treadmill walking 3 days post-injury 5x/week (with limbs remaining
immobilized when not conducting therapy) was still ineffective when compared to injured limbs
receiving no therapy (Fig. 5.3B,F,H). Only after removing bandages permanently at day 3 postinjury was there an improvement in biomechanical outcome, regardless of whether additional
treadmill walking was performed (Fig. 5.3B,F,H). Taken together, these results suggest that only
early, unlimited use of the injured limbs have the potential to improve joint motion in this animal
model of post-traumatic joint contracture.
Kaneguchi et al. saw no differences in rat knee ROM between animals receiving free
mobilization with and without additional treadmill walking when knees were immobilized for 21
days.23 In our model, after 42 days of full immobilization (Phase I) or partial immobilization
with time-limited limb use beginning day 14 post-injury (Phase II), altering intensity via
treadmill walking showed no improvements similar to Kaneguchi et al. Trudel et. al. concluded
that immobilization effects were only fully reversible with free mobilization alone when
immobilization was applied for 14 days or less.24 This result agrees with the Phase III data where
joint ROM in injured animals was restored to 92% of control animal values when immobilization
bandages were removed at day 3 post-injury. Sakakima et. al. showed rat ankle ROM increased
with free mobilization and treadmill walking when compared to free mobilization alone after 14
days of immobilization.21 It is possible that an immobilization length between 42 days (Phase I)
and 3 days (Phase III) could show similar results. These previous results suggest that only
minimal immobilization (i.e., less than 14 days) can prevent joint contracture and that treadmill
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walking has the potential to further increase ROM when free mobilization alone fails to do so.
Importantly, none of these prior studies included a joint injury in addition to immobilization, as
is the case in our rat elbow model. The presence of an acute, traumatic injury must be considered
when developing therapy protocols. Joint instability and the possibility of causing secondary
injuries is a serious concern with beginning therapy too early or aggressively. While beginning
limb use day 3 post-injury might seem ideal for preventing contracture, early motion with a
possible unstable joint could lead to cartilage and/or secondary soft tissue damage. These topics
will be examined more closely in the future.
The competing ideas of early joint mobilization to benefit joint motion but joint
immobilization to protect joint tissues from instability/further damage presents a dichotomy for
clinicians. Should a clinician focus on preventing contracture by beginning mobilization early at
the risk of causing further damage, or do they delay mobilization to protect the joint at the risk of
developing a permanent contracture? After a simple elbow dislocation, a protective brace is often
used to lock the elbow at 90° of flexion for the first 1-3 weeks to limit extension and to avoid
varus stress on the lateral collateral ligament.8 However, early mobilization after simple elbow
dislocation resulted in an expedited return of ROM, function and return to work.25 Importantly,
in either scenario, the severity of the damaged structures, motivation of the patient, and pain play
a major role in the strategy a clinician chooses. Recently, Zhang et. al. identified a lack of
evidence quantifying the effects of the timing of active mobilization on final elbow ROM and
function after trauma.6 Future work with our unique animal elbow model could help answer this
question. By controlling for injury severity, means of active, functional joint exercises and
therapy timing, intensity, and duration, results could help guide clinical practice on the
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appropriate timing of active mobilization and the risk of causing further damage in the context of
simple elbow dislocation.
This study is not without limitations. A power analysis of previous data (power = 0.8; α =
0.05) determined that n = 7/group was required for joint mechanical tests to detect ROM
differences of 15° with a standard deviation of 10°.19 All experimental groups, day 21 control
group, and day 21 injured group had only n = 3-4/group in this preliminary study. However,
results showed obvious, large differences (or no differences) between experimental groups and
controls that would likely be maintained with a correctly powered study, so additional animals
were not added to round out the full complement in each group. This study also included only
post-mortem, joint-level motion data. While this provides useful data to build upon, other key
outcomes including in vivo joint function or tissue microanatomy would provide a more
comprehensive assessment of the effects of the various experimental physical therapy strategies.
Nevertheless, previous work demonstrated that poor post-mortem joint motion data was
associated with functional deficits of grip strength and gait, as well as pathological joint capsule
tissue via histology, which would be expected in the various experimental groups where therapy
was not effective.17–20,26 Lastly, it is possible that treadmill walking was not the optimal forelimb
physical therapy in rats. Treadmill walking has been successfully used as a hindlimb joint
contracture therapy in rodents,21,23,27 but, to our knowledge, we are the first to use it for forelimb
therapy. While walking, injured forelimbs were confirmed to be used for locomotion and not
maintained in an elevated, flexed position where the animals only walked on the other three
limbs. However, the actual ROM of the elbow during use could not be confirmed. It is currently
unknown whether full or any partial extension of the elbow is necessary to see a beneficial
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effect. Future work could incorporate various elbow extension amounts via treadmill walking or
other therapy means as well as the timing, duration or intensity in protocols.
In conclusion, results of this study showed that early motion is essential to preserving
ROM following a traumatic elbow injury in a rat model of PTJC. To address these findings,
ongoing work is investigating the effect of post-injury immobilization and free mobilization
duration on joint motion outcomes. Additionally, studies will explore the potential for treadmill
walking or other physical therapy activities to further increase joint motion when not completely
restored with free mobilization alone. Furthermore, in vivo joint function and tissue histological
analyses will be included to compliment post-mortem joint motion outcomes and address
concerns of joint instability or secondary injuries associated with beginning therapy too early or
aggressively.
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Chapter 6: Effects of active limb use timing
on
preventing
post-traumatic
elbow
contracture in a rat model
6.1 Introduction
The elbow is the most commonly dislocated joint in the pediatric population and second
most common in adults1 occurring at an incidence of 5.21 dislocations per 100,000 personyears.2 Clinical presentation can vary from soft tissue damage only in the case of simple elbow
dislocation to more complex injuries involving bone fracture(s).3 Post-traumatic joint contracture
(PTJC) occurs in 12% of patients following elbow dislocation or fracture, 4 and it is characterized
by loss in range-of-motion (ROM), joint stiffness, and pain.5 Once PTJC develops, conservative
treatment options include physical therapy, the use of various types of external mechanical
splints and braces, and manipulation under anesthesia.6–9 When conservative treatment fails,
secondary surgical interventions such as an anterior capsulotomy are required in 12% of patients
to improve ROM and stiffness.4
Simple elbow dislocation is typically treated by initially immobilizing the joint to prevent
further damage to joint tissues caused by unstable motion.10–14 At the same time, early, active
mobilization is believed to be the best practice to prevent PTJC and avoid long-term disability
and future surgical intervention.10,11,14–17 Unfortunately, there is a lack of evidence to inform the
optimal timing, intensity and duration to produce the best outcomes.6 Understanding optimal
timing, intensity and duration could prove beneficial in treating not only elbow injuries but also
other joints susceptible to PTJC including the shoulder and knee.
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An animal model could help guide clinical practice by controlling for injury severity and
the timing, intensity and duration of active mobilization. A rat model of PTJC following simple
elbow dislocation has been developed replicating this debilitating condition.18 Previous work
with this animal model has quantified temporal joint ROM losses in both flexion-extension and
pronation-supination movements as well as tissue-specific contributors to motion loss.18–24
Additionally, subsequent studies have characterized forelimb functional deficits associated with
this model.25 Importantly, previous work involved an immobilization period of six weeks after
the simulated traumatic elbow injury plus an additional 6 weeks of free mobilization (i.e., cage
activity). More recently, preliminary studies have examined the effects of active mobilization
timing, intensity and duration while still maintaining the majority of the 6-week immobilization
period (Chapter 5). Results suggested timing of mobilization had the greatest effect on joint
motion outcomes in this PTJC model.
Leveraging this established animal model, the purpose of this study was to investigate the
effects of varying the initiation of free mobilization (or active use of the joint) on preventing
elbow PTJC. We hypothesized that the longer injured joints were immobilized (thus delaying the
initiation of active joint use), the greater the loss in flexion-extension ROM. We also
hypothesized that a more aggressive, active motion regimen would restore more ROM than free
mobilization alone. Finally, we hypothesized that functional deficits would be present, but show
some recovery over time, in injured groups independent of the ROM outcome.

6.2 Methods and materials
Injury model. Long-Evans rats (Charles River Laboratories, Wilmington, MA, USA)
were selected based on the similarity of their forelimbs to human elbows including anatomy,
functional ROM, and use of the limb.26–29 In this Institutional Animal Care and Use Committee
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approved study, male Long-Evans rats were subjected to a surgically-induced elbow dislocation
(n = 40, 320-390g, 9-10 weeks old).18 Briefly, an anterior capsulotomy and lateral collateral
ligament transection were performed on one elbow of each animal to replicate the soft tissue
damage that occurs during simple elbow dislocation in humans.
Immobilization and free mobilization protocol. Immediately following surgery, injured
forelimbs were immobilized in bandages.18 Immobilization bandages were removed at 21, 14, 7,
or 3 days after injury (n = 8 per group) allowing for free mobilization and active use of the limb
until day 42 (Fig 6.1). One group of injured animals remained immobilized the entire 42-day
period (n = 8). Age-matched control animals (n = 8, 320-410g, 9-10 weeks old) received no
injury and were allowed free mobilization for the full 42-day period. Animals were euthanized
via CO2 inhalation and stored in a -20 °C freezer at day 42.

Fig. 6.1 Immediately after surgery, the injured forelimbs were immobilized in bandages for 42, 21, 14, 7, or 3 days
followed by free mobilization until day 42. Flexion-extension ROM was compared to an uninjured, nonimmobilized control group. (IM# = # of days of immobilization post-injury)
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Joint Mechanical Testing. Forelimbs were skinned, removed at the glenohumeral joint
then tested in flexion-extension elbow motion in a custom mechanical system.18 Limbs were
loaded for five cycles to ±11.25 N·mm at 1.0 mm/s while images were taken at maximum
flexion and extension. Images from the fifth cycle were analyzed with Fiji30 to quantify total
ROM.18
Treadmill walking. When free mobilization failed to restore elbow ROM in injured
animals, additional flat treadmill walking was administered to increase the intensity of injured
forelimb active use. A commercially available, home fitness treadmill (Horizon Fitness, Cottage
Grove, WI, USA) was modified to allow for speed ranges suitable for walking rodents. Animal
movement was restricted along the direction of belt motion by mounting custom acrylic boxes
with lanes on the treadmill.
Following elbow dislocation surgery (n = 16, 300-380g, 9-10 weeks old), immobilization
bandages were removed from animals after 21 (n = 8) or 14 (n = 8) days to begin free
mobilization with additional treadmill walking (Fig. 6.2). Animals were subjected to treadmill
walking for 30 minutes at 12 m/min 5x/week for 3 weeks after immobilization bandages were
removed. Treadmill walking duration and speed were gradually increased until reaching the full
30 minutes at 12 m/min by the end of the first week. Previous studies subjecting rats to treadmill
walking used protocols with up to 60 minutes per session at 12 m/min 6x/week.31,32 Animals
were euthanized at day 42 and joints mechanically tested for elbow flexion-extension ROM.

85

Fig. 6.2 When free mobilization failed to restore elbow ROM in injured animals, additional forced, flat treadmill
walking was administered for 30 minutes at 12 m/min 5x/week for 3 weeks after immobilization bandages were
removed. Flexion-extension ROM in each treadmill walking group was compared to their respective free
mobilization-only group. (IM# = # of days of immobilization post-injury)

Joint functional testing. To compliment post-mortem joint mechanics, in vivo functional
testing was performed on an additional subset of animals (Fig. 6.3). Following surgical induction
of injury (n = 6, 290-340g, 9-10 weeks old), immobilization bandages were removed from
animals after 3 (n = 3) or 21 (n = 3) days to begin free mobilization as well as collect functional
data until day 42 (Fig. 6.3). These groups were selected because they represent the extremes of
the various immobilization-free mobilization protocols and would likely show the greatest
functional differences or similarities to controls. Due to surgery complications, one animal was
excluded, leaving two animals in the group that was removed from bandages at day 21. Agematched control animals (n = 3, 270-340g, 9-10 weeks old) received no injury and were allowed
free mobilization for the entire 42-day period.
Forelimb function was assessed via grip strength and gait analysis (Fig 6.3).25 Using a
custom bilateral grip strength device, simultaneous maximum left and right limb force
measurements were collected weekly on animals during their prescribed free mobilization period
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Fig. 6.3 Forelimb function was assessed via grip strength and gait analysis weekly on animals during the free
mobilization period. These groups were selected because they represent the extremes of the various immobilizationfree mobilization protocols and would likely show the greatest functional differences or similarities when compared
to controls. (IM# = # of days of immobilization post-injury)

(n = 6 trials per animal per time point; Fig. 6.3).25 Side-to-side grip strength differences (injured
minus contralateral limb grip strength for injured animals; left minus right limb grip strength for
control animals) were calculated to compare between groups. Likewise, spatiotemporal gait data
were collected using a custom gait system and analyzed with an open source MATLAB program
(MathWorks, Natick, MA, USA).25,33 Because of postprocessing exclusion criteria (e.g., color
thresholding errors, varying velocity and/or less than three gait cycles)25, a minimum of 10 trials
were recorded per animal per time point. After all exclusion criteria were met, gait data included
n = 5–13 trials per animal per time point. Gait data could not be collected on the first time point
(i.e., day 21) in injured animals that were removed from bandages at day 21 because walking
occurred without placing the injured paw on the ground. Forelimb spatiotemporal gait
parameters of duty factor imbalance, temporal symmetry and spatial symmetry were calculated
to compare between groups.34 Animals were euthanized via CO2 inhalation and stored in a -20
°C freezer at day 42 following the last day of functional data collection.
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Statistical analysis. One-way analysis of variance was used to compare elbow ROM data
between all groups (excluding the treadmill walking groups). When significance was found,
post-hoc comparisons with Bonferroni corrections compared the injured groups to the control
group. Unpaired t-tests were used to compare elbow ROM data in each treadmill walking group
to their respective free mobilization-only group. Statistical analysis was performed in GraphPad
Prism (GraphPad Software, San Diego, CA, USA). Linear mixed models were developed in JMP
(SAS Institute, Cary North Carolina, USA) for grip strength and gait data to account for fixed
effects (specific injured or control group, collection time point, animal weight as well as weight
gain across time, and interactions) and random effects (individual animals and repeated
measures).25 Velocity was also included as a fixed effect in gait models because gait collection
allowed for self‐selected walking speed. Model-adjusted results for grip strength difference, duty
factor imbalance, temporal symmetry, and spatial symmetry for an animal of average weight, and
velocity for gait data, are presented as 95% confidence intervals (95% CI). Within the models,
contrasts with Bonferroni corrections compared each time point in the injured groups to the
combined control group data across all time points. Control grip strength and gait data were
confirmed to not vary with time via a separate linear mixed model prior to combining time points
for group comparisons. Significance was defined as p < 0.05 for all tests.

6.3 Results
Joint Mechanical Testing. Overall, ROM values in injured groups showed that the
sooner free mobilization began, the better the outcome at 42 days post-injury (Fig. 6.4). Injured
animals that remained immobilized the entire 42 days (IM42) had significantly lower ROM
values compared to controls (Fig. 6.4; Control = 128.5 ± 4.3°; IM42 = 82.4 ± 8.5°, p < 0.0001).
Injured animals that were immobilized for 21 or 14 days (IM21 and IM14, respectively) had
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improvements in ROM compared to the IM42 group, with the IM14 group performing slightly
better than the IM21 group (Fig 6.4). However, both groups still had significantly lower ROM
values compared to controls (Fig. 6.4; IM21 = 110.3 ± 6.6°, p < 0.0001; IM14 = 120.2 ± 5.9°, p
= 0.0056). Injured animals that were immobilized for 7 days (IM7) had only slightly lower ROM
values compared to controls (Fig. 6.4; IM7 = 122.4 ± 2.4°, p = 0.0707). Finally, injured animals
that were immobilized for only 3 days post-injury (IM3) had ROM values similar to controls
(Fig. 6.4; IM3 = 123.7 ± 4.9°, p = 0.2642). Injured groups that performed treadmill walking in
addition to free mobilization (TR21 and TR14) showed no improvement in ROM compared their
respective free mobilization only group (Fig. 6.5; TR21 = 106.5 ± 7.1°, p = 0.2947; TR14 =
116.6 ± 8.3°, p = 0.3413).

Fig. 6.4 The longer injured elbows were immobilized
and free mobilization delayed, the greater the reduction
in flexion-extension ROM. This reduction was
significant when limbs were immobilized for 21 or 14
days but not 7 or 3 days. (mean ± SD; ROM = rangeof-motion; IM# = # of days of immobilization postinjury; * = different from control, p < 0.05;  =
different from control, 0.05 < p < 0.1)

Fig. 6.5 Additional treadmill walking had no effect on
ROM in either group compared to free mobilization
alone. (mean ± SD; ROM = range-of-motion; IM# = #
of days of immobilization post-injury; ns = not
significant)

Joint Functional Testing. Model-adjusted grip strength difference for control animals
(left minus right limb grip strength) remained ~0g across time, representing a balanced or
89

comparable grip strength between limbs (Fig. 6.6; Control (average across all time points) = 11.3
± 85.0g). Injured animals that were immobilized for 21 days (IM21) had a significantly lower
grip strength difference (injured minus contralateral limb grip strength) immediately after
removing immobilization wraps compared to controls (Fig. 6.6; IM21 (day 21) = -322.1 ±
104.1g, p = 0.006). Grip strength difference in the IM21 group steadily recovered over time,
reaching values similar to controls by day 42 (Fig. 6.6; IM21 (day 28) = -209.2 ± 104.1g, p =
0.059; IM21 (day 35) = -170.2 ± 104.1g, p = 0.147; IM21 (day 42) = -77.6 ± 104.1g, p >
0.9999). Injured animals that were immobilized for 3 days (IM3) had a slightly (but nonsignificant) lower grip strength difference 4 days after removing immobilization wraps on day 7
compared to controls (Fig. 6.6; IM3 (day 7) = -84.6 ± 75.1g, p = 0.82). Grip strength difference
in the IM3 group remained similar to controls across the remaining time points (Fig. 6.6; IM3
(day 14) = -4.6 ± 75.1g; IM3 (day 21) = 33.8 ± 75.1g; IM3 (day 28) = 37.5 ± 75.1g; IM3 (day
35) = 5.5 ± 75.1g; IM3 (day 42) = 14.4 ± 75.1g, p > 0.9999 for all comparisons).

Fig. 6.6 Grip strength difference in animals immobilized for 21 days was significantly lower compared to controls
initially but steadily recovered over time reaching values similar to controls by day 42. Grip strength difference in
animals immobilized for 3 days remained similar to controls across all time points. (data shown are model adjusted
outcomes for an animal of average weight; 95% CI; IM# = # of days of immobilization post-injury; * = different
from control, p < 0.05;  = different from control, 0.05 < p < 0.1)
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Model-adjusted gait outcomes had similar trends for group-to-group comparisons and
changes across time. Duty factor imbalance for control animals (left minus right limb duty
factor) remained ~0 across time, representing a balanced gait cycle (Fig. 6.7A; Control (average
across all time points) = 0.0104 ± 0.0215). Injured animals that were immobilized for 21 days
(IM21) had a significantly lower duty factor imbalance (injured minus contralateral limb duty
factor) at all time points compared to controls; however, they did recovery slightly over time
(Fig. 6.7A; IM21 (day 28) = -0.1109 ± 0.0270, p = 0.0004; IM21 (day 35) = -0.0943 ± 0.0263, p

Fig. 6.7 (A) Duty factor imbalance, (B) temporal symmetry, and (C) spatial symmetry in animals immobilized for 21
days were significantly lower at all time points compared to controls with some recovery over time. Injured animals
that were immobilized for 3 days had similar outcomes compared to controls across all parameters and time points
(data shown are model adjusted outcomes for an animal of average weight and velocity; 95% CI; IM# = # of days of
immobilization post-injury; * = different from control, p < 0.05)

91

= 0.0018; IM21 (day 42) = -0.0792 ± 0.0261, p = 0.0054). Injured animals that were
immobilized for 3 days (IM3) had a similar duty factor imbalance compared to controls across
all time points (Fig. 6.7A; IM3 (day 7) = -0.0098 ± 0.0224; IM3 (day 14) = 0.0052 ± 0.0214;
IM3 (day 21) = 0.0092 ± 0.0214; IM3 (day 28) = -0.0084 ± 0.0215; IM3 (day 35) = -0.0120 ±
0.0214; IM3 (day 42) = -0.0075 ± 0.0213, p > 0.9999 for all comparisons). Temporal symmetry
had similar trends to duty factor imbalance for all groups (Fig. 6.7B). Control animals displayed
a synchronous and symmetric gait with temporal symmetry of ~0.50 across all time points (Fig.
6.7B; Control (average across all time points) = 0.5050 ± 0.0257). Injured animals that were
immobilized for 21 days (IM21) had a significantly lower temporal symmetry at all time points
compared to controls with some recovery over time (Fig. 6.7B; IM21 (day 28) = 0.3476 ±
0.0318, p = 0.0009; IM21 (day 35) = 0.3734 ± 0.0315, p = 0.0036; IM21 (day 42) = 0.3904 ±
0.0315, p = 0.0081). Injured animals that were immobilized for 3 days (IM3) had a similar
temporal symmetry compared to controls across all time points (Fig. 6.7B; IM3 (day 7) = 0.5042
± 0.0262; IM3 (day 14) = 0.5053 ± 0.0257; IM3 (day 21) = 0.5180 ± 0.0257; IM3 (day 28) =
0.4988 ± 0.0257; IM3 (day 35) = 0.5020 ± 0.0257; IM3 (day 42) = 0.5028 ± 0.0257, p > 0.9999
for all comparisons). Spatial symmetry had similar trends to duty factor imbalance and temporal
symmetry for all groups (Fig. 6.7C). Again, control animals displayed a symmetric gait with
spatial symmetry of ~0.50 across all time points (Fig. 6.7C; Control (average across all time
points) = 0.4938 ± 0.0138). Injured animals that were immobilized for 21 days (IM21) had a
significantly lower temporal symmetry at all time points compared to controls with some
recovery over time and a possible plateau between day 35 and 42 (Fig. 6.7C; IM21 (day 28) =
0.3659 ± 0.0176, p < 0.0001; IM21 (day 35) = 0.4020 ± 0.0168, p < 0.0001; IM21 (day 42) =
0.4061 ± 0.0166, p = 0.0002). Injured animals that were immobilized for 3 days (IM3) had a
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similar spatial symmetry compared to controls across all time points (Fig. 6.7C; IM3 (day 7) =
0.4987 ± 0.0148; IM3 (day 14) = 0.4889 ± 0.0137; IM3 (day 21) = 0.5002 ± 0.0137; IM3 (day
28) = 0.4887 ± 0.0138; IM3 (day 35) = 0.4889 ± 0.0137; IM3 (day 42) = 0.4943 ± 0.0136; p >
0.9999 for all comparisons).

6.4 Discussion
There is a lack of evidence to guide clinicians in determining the appropriate timing to
initiate active mobilization following elbow trauma in order to prevent PTJC.6 Leveraging an
animal model of elbow PTJC, this study varied the initiation of free mobilization (or active use
of the joint) following traumatic injury to determine the effects on ROM and function. The
longer injured elbows were immobilized and active use delayed, the greater the reduction in
flexion-extension ROM. This reduction was significant when limbs were immobilized for 21 or
14 days but not 7 or 3 days. Similarly, Trudel et. al. found that in rat knees, long-term ROM was
not restored with free mobilization when joints were immobilized for 14 days but was
recoverable when immobilization was limited to 7 days.35 In another study, Morimoto et. al.
found that ROM was not restored with free mobilization when rat knees or ankles were
immobilized for 14 days.36 However, Ando et. al. showed that when rat knees were immobilized
for 14 or 7 days, free mobilization could fully restore ROM.37 Of note, none of these previous
studies involved traumatic joint injury but were based on immobilization-only injury models.
Thus, it is perhaps surprising that ROM outcomes from these prior studies were similar to the
current work because the pathophysiological response following a soft tissue injury-induced
elbow model is likely different compared to immobilization-only joint restraint.6,38,39
Nonetheless, these results suggest that regardless of joint injury, ROM can be fully restored longterm by implementing free mobilization after short immobilization durations of 14 or 7 days.
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When free mobilization failed to restore elbow ROM in the groups immobilized for 21 or
14 days, more intense active use of the injured forelimb via treadmill walking was administered.
Surprisingly, treadmill walking had no effect on ROM in either group compared to free
mobilization alone. Sakakima et. al. showed that in rat ankles immobilized for 14 days,
additional treadmill exercise increased ROM when compared to free mobilization alone.31
Likewise, Morimoto et. al. found that when rat knees or ankles were immobilized for 14 days,
treadmill exercise further increased ROM.36 Again, these previous studies were immobilizationonly models which could explain why treadmill walking failed to increase ROM in the elbow
injury model. However, Kaneguchi et al. showed that in rat knees immobilized for 21 days
(without injury), additional treadmill walking had no effect on ROM compared to free
mobilization.40 Taken together, this result could suggest that additional treadmill walking is
beneficial for non-injured joints immobilized for only 14 days or less, but not effective for
injured joints regardless of immobilization length. It is also possible that treadmill walking is not
the optimal method for forced activity in rat forelimbs, or treadmill walking timing, duration, or
speed were not sufficient to increase ROM. It is unknown if animals are reaching full extension
during treadmill locomotion, which might be necessary to increase ROM since this animal model
is immobilized in flexion. Future work should explore other methods of active forelimb use
and/or whether the administration of an alternative treadmill walking protocol could produce a
beneficial effect when free mobilization alone fails.
Overall, functional deficits were present in all measured outcomes in injured animals
immobilized for 21 days but not in outcomes for animals immobilized for only 3 days. While
grip strength difference did fully recover long-term in the group immobilized for 21 days, gait
parameters remained significantly decreased long-term compared to control. It was surprising
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that traumatic joint injury and even minimal immobilization for 3 days produced no functional
consequences in measured properties for grip strength or gait. However, Fryhofer et. al. saw
similar results in their Achilles tendon injury and immobilization model; after injury and 7 days
of immobilization followed by 21 or 42 days of free mobilization, there were no differences in
gait outcomes compared to pre-injury.41 While functional deficits were expected in all groups
due to traumatic injury regardless of immobilization length, these data suggest that functional
outcomes and ROM were more closely related than expected in our PTCJ preclinical model.
These findings have important clinical implications for treating traumatic elbow injuries.
Specifically, the timing of active joint use had a direct impact on final elbow ROM and function.
While this animal model data showed that beginning active mobilization 7 or 3 days post-injury
prevented PTJC and maintained normal function, early motion of an unstable joint could lead to
further joint damage or re-dislocation. Ongoing work is evaluating periarticular soft tissue
histologically in all groups presented in this study to assess any indications of additional joint
injury. Due to these concerns, in clinical practice an initial period of joint immobilization is
necessary to avoid subluxation, repetitive dislocation, or instability-induced tissue damage.10–14
Furthermore, other symptoms, including excessive pain, swelling or bleeding, could warrant
additional immobilization beyond a desirable time period.6 This presents clinicians with the
dilemma of prescribing early, active motion to preserve ROM and function while being careful
to allow adequate time for the necessary healing via immobilization. Beyond the work described
here to identify appropriate interventional strategies, future studies should rigorously investigate
conservative treatment options capable of reversing fully-developed PTJC when preventative
measures such as early, active motion fail or are inappropriate to prescribe.
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This study is not without limitations. The free mobilization period varied in length so that
all groups had a terminal time point of 42 days after injury rather than equal amounts of free
mobilization. However, previous work with this animal model showed there was no additional
increase in ROM between 21 and 42 of free mobilization.21 Therefore, this study was designed
so that a minimum of 21 days of free mobilization was performed. Additionally, functional data
were underpowered as previous results indicated a minimum of 8 animals required to detect gait
changes of 0.01 in duty factor imbalance and symmetry.25 Imbalance and symmetry data showed
differences 7- to 15-fold larger than this threshold in injured animals immobilized for 21 days.
Due to these large differences, it is likely that many of the functional outcomes would be
minimally affected with a correctly powered study. This study also included only joint-level
ROM and functional data. Ongoing work is evaluating tissue-level histological data to determine
any periarticular soft tissue damage associated with beginning free mobilization too early after
injury. Lastly, animal model results cannot be directly translated to the clinical setting. However,
it would be very difficult to control for a specific traumatic elbow injury in a prospective clinical
trial. Broad inferences can be appropriately made related to the effects of active joint use timing
on final elbow ROM and function, even though specific timelines and activity type in rats are not
necessarily directly applicable to humans.
In conclusion, the timing of active joint use had a direct impact on elbow ROM and
functional outcomes. These preclinical model results provide foundational work to begin to fill
this clinical knowledge gap of the timing of active mobilization following elbow trauma
necessary to prevent PTJC.6 While a specific traumatic elbow injury was investigated in this
study, future work could explore other elbow injury patterns to see how they might progress
differently. Finally, understanding optimal timing could prove beneficial in treating not only
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traumatic elbow injuries but also other joints susceptible to PTJC including the shoulder and
knee.
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Chapter 7: Conclusion & Future directions
7.1 Conclusion
This work aimed to quantify additional clinically relevant outcomes in an animal model
of elbow PTJC as well as evaluate physical-based treatment strategies capable of preventing or
improving this debilitating condition. Previously, functional outcomes had not been investigated
in this animal model, but they are an important clinical metric (Chapter 3). In addition, because
only male animals had been utilized in prior studies, important sex-based similarities and
differences were unknown (Chapter 4). Then, several preliminary studies investigated the effects
of early versus delayed therapy (timing), free mobilization versus forced treadmill walking
(intensity), and limited-time versus unlimited use (duration) on joint motion outcomes (Chapter
5). Finally, based on these studies, the effects of the timing of active joint use on preventing
elbow PTJC was more comprehensively investigated (Chapter 6). Several of these findings have
potential clinical implications for understanding/preventing elbow PTJC and also provide the
basis for numerous future directions for this project.
Previous work with this animal elbow model of PTJC was limited to post-mortem or
passive assessment of joint function. In this study, in vivo active functional deficits associated
with the unilateral injury were shown to persist long-term and never fully recover, thereby
further validating the clinical relevance and utility of the model.1 Our novel bilateral grip
strength device allowed for the simultaneous force measurements of left and right forelimbs,
which was important for investigating the impact of a unilateral injury. Conventional devices
typically consist of a single grasping device connected to a load cell or strain gauge.2 Results
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showed that deficits in forelimb grip strength in the injured limb persisted over time; however,
values never plateaued, suggesting these parameters might return to control levels at a later time
point. Gait remained imbalanced and asymmetric throughout the study with no indications that
these functional measures would ever fully recover.
Sex-based differences were then explored as disease etiology, progression, and recovery
had been investigated in only male animals previously. Overall, few differences were seen
between sexes in functional, mechanical, and morphological outcomes with PTJC being
similarly debilitating in male and female animals.3 Functional measures of grip strength and gait
showed that, while some baseline differences existed between sexes, traumatic injury produced
similar deficits that persisted long‐term. Likewise, male and female animals both had significant
reductions in joint range of motion (ROM) due to injury. Ectopic calcification (EC), which had
not been previously evaluated in this injury model, was present in all limbs on the lateral side.
Injury caused an increase in EC volume but did not alter mineral density independent of sex.
Furthermore, histological analysis of the anterior capsule showed minor differences between
sexes for inflammation and thickness but not for other parameters.
This animal model was then leveraged to explore the effect of varying timing, intensity
and duration of active, functional exercise on joint motion outcomes. Increasing the intensity of
joint use via treadmill walking during the 42-day free mobilization period (after being
immobilized for 42 days) was ineffective in restoring additional joint motion. Initiating limited
joint use 14 days after injury during the established 42-day immobilization period (with limbs
remaining immobilized when not allowed free mobilization or conducting treadmill walking)
also showed no improvements. Only after removing bandages permanently at day 3 post-injury
was there an improvement in biomechanical outcome, regardless of whether additional treadmill
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walking was performed. Taken together, these results suggest that only early, unlimited use of
the injured limb has the potential to improve joint motion in this animal model.
To address these findings, the timing and intensity of post-injury immobilization and free
mobilization was investigated. The initiation of free mobilization (or active use of the joint) was
varied to determine the effects on ROM and function. The longer time period that injured elbows
were immobilized and active use delayed, the greater the reduction in flexion-extension ROM.
This reduction was significant when limbs were immobilized for 21 or 14 days but not 7 or 3
days. When free mobilization failed to restore elbow ROM in the groups immobilized for 21 or
14 days, more intense active use of the injured forelimb via treadmill walking was administered.
Surprisingly, treadmill walking had no effect on ROM in either group. Functional deficits were
present in all measured outcomes in injured animals immobilized for 21 days but not in output
metrics for those immobilized for only 3 days. Surprisingly, traumatic joint injury and the
shortest immobilization period of 3 days produced no functional deficits in grip strength or gait.
In summary, this work (1) quantified functional deficits of grip strength and gait showing
persistence long-term and limited recovery, (2) demonstrated that functional, mechanical, and
morphological outcomes were similarly debilitating in male and female animals, and (3)
determined that the timing of active joint use following injury had a direct impact on elbow
ROM and function.

7.2 Future directions
Based on the findings in these studies, there are several future directions of the project
that could expand the understanding of the animal model and further explore treatments capable
of preventing or improving elbow PTJC. Areas for future research include: (1) developing an in
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vivo ROM testing device, (2) investigating temporal differences between sexes, (3) exploring
bone morphological and soft tissue histological outcomes, (4) quantifying the inflammatory
response due to injury and immobilization, (5) testing alternate physical-based therapy
approaches, and (6) assessing biological-based therapy approaches. Details on each of these
potential future projects are provided below.
In vivo ROM testing device. Currently, elbow ROM in the animal model is measured
via post-mortem mechanical testing. Although the biomechanical measurements obtained postmortem are valid and useful, longitudinal recovery cannot be tracked across any individual
animal and studies are limited to cross-sectional evaluation in time. For example, in order to
obtain previous joint mechanical data describing the time course of contracture during the 42-day
immobilization period and subsequent 42-day free mobilization period, numerous groups of
animals had to be sacrificed at each time point of interest.4 This type of experimental approach
presents ethical concerns and a financial burden due to the large number of animals necessary to
complete such a study.
There are several design challenges associated with building an in vivo ROM testing
device. Excessive loose skin around the forelimb and upper extremity musculature make
securing the forelimb in a repeatable manner to accurately measure ROM very difficult. Devices
developed for measuring rodent ROM in other joints such as the ankle, shoulder, and knee are
not easily adapted to the elbow.5–9 Also, there is considerable weight gain and growth in size
over the course of the 84-day studies so a device would need to be adjustable to accommodate
these changes. Furthermore, the device needs to be easily transportable and integrated with an
anesthesia cart so measurements can be taken in the various approved animal housing locations.
Work on such a device has begun and its completion should be prioritized (Fig. 7.1). As studies
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shift from animal model characterization to therapy assessment, longitudinal measurements of
elbow ROM and function will become necessary.

Fig. 7.1 CAD rendering of
current in vivo ROM testing
device design. (Johnston B,
Kailash K, Schuftan D. BME
Undergraduate Senior Design
Project. Washington University
in St. Louis. Fall 2020.)

Temporal differences between sexes. Longitudinal sex-based differences were limited
to functional measurements of grip strength and spatiotemporal gait. Joint mechanical testing,
µCT analysis and histological evaluation were only completed at the day 84 terminal time point.
While outcomes were similar in male and female animals at day 84, any temporal differences are
unknown. If the progression of fibrosis/PTJC or temporal patterns of healing/recovery differ
between sexes, the optimal timing of therapies might depend on sex, so they should be fully
characterized. The need to evaluate these potential differences over time further justifies the need
for an in vivo ROM testing device and the use of an in vivo µCT to longitudinally track
outcomes. Of course, detailed histological evaluation of tissue-level changes will still require
cross-sectional studies with multiple animal groups.
Bone morphological and soft tissue histological outcomes. Qualitative examination of
micro-computed tomography (µCT) images revealed surface morphology irregularities in injured
limbs (Figure 7.2). Theses surface irregularities could indicate the presence of enthesophytes or
osteophytes. Enthesophytes are bony outgrowths in the specialized zone of fibrous or
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Fig. 7.2 Reconstructed micro-computed tomography (µCT) scans showing the (A) lateral and (B) anterior view of an
injured limb with possible enthesophytes/osteophytes (yellow circle) and ectopic calcification (red/green/blue
coloring). (H = humerus; R = radius; U = ulna)

fibrocartilaginous connective tissues located where tendons, ligaments, or joint capsules attach to
bone.10,11 Enthesophytes are similar to osteophytes, which form around the articular surfaces of
synovial joints.11 One of the most common anatomical sites for sport-associated enthesopathies
is the lateral epicondyle of the humerus, the precise location where these irregularities where
observed in the animal model (Figure 7.2).11 Interestingly, enthesophytes do not typically form
as a result of inflammation, but rather from biomechanical factors.11 It is possible that a change
in mechanical properties of the attached muscle-tendon unit or ligament due to injury may alter
the load at the enthesis, causing the enthesophyte to form secondary to injury.11 Although, not
yet confirmed, the observed bony surface irregularities appear to be located at the attachment site
of the lateral collateral ligament (LCL) in this animal elbow PTJC model. The LCL is transected
during injury and has an increase in tissue volume by 42 days post-injury with a further increase
at day 84.12 Alterations in the loading of this ligament due to injury could lead to enthesophyte
formation. Additionally, histological analysis has focused on the anterior capsule but the
presence of ectopic calcification was present in the vicinity of the LCL only. Furthermore,
previous work demonstrated that the LCL is a significant contributor to ROM loss.13 Future work
should evaluate the lateral periarticular tissues histologically and with contrast-enhanced µCT to
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determine overall LCL microanatomy and the exact location, identification, and progression of
enthesophytes or osteophytes as well as ectopic calcification. If these bony objects are found to
contribute to tissue calcification/fibrosis and ROM loss, future therapeutic strategies could also
be developed to specifically block EC in these anatomical sites.
Inflammatory response. Following injury, there is an influx of inflammatory cytokines
as part of the initial healing response.14,15 The resulting cascade of cytokines and mediators
drives fibroblasts to differentiate into myofibroblasts which work to repair the extracellular
matrix (ECM) through increased production of collagen.16 The unregulated contractile effects
and overproduction of ECM by myofibroblasts are thought to cause fibrosis of the joint
capsule.14,17,18 Any treatment protocol designed to prevent PTJC, either physically or biologically
based, will ultimately alter the cellular level signaling controlling this process.19 However, the
inflammatory response following traumatic injury and immobilization in this animal model is not
well defined but should be considered when assessing various treatments. Preliminary work
attempted to quantify the levels of 27 common inflammation-related cytokines and chemokines
at 4 hours, 12 hours, 24 hours, 3 days, 5 days, 7 days, and 14 days after injury through blood
serum samples (RD27, Eve Technologies, Calgary, AB, Canada). Surprisingly, only monocyte
Fig. 7.3 MCP-1 was elevated 24
hours after injury compared to
pre-operative levels. (Two-way
analysis
of
variance
for
treatment and time, post-hoc
comparisons with Bonferroni
corrections, p = 0.0139).
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chemoattractant protein-1 (MCP-1) showed an increase which occurred 24 hours after injury
(Fig. 7.3). MCP-1 has been shown to activate macrophages and possibly alter their polarization
from a pro-inflammatory to an anti-inflammatory phenotype.20,21 A recent study using adipose
stem cells to prevent PTJC in this animal model, indicated that MCP-1 might have played a role
in decreasing the fibrotic response that led to an improvement in ROM.22 MCP-1 could be a
potential target for future therapeutics. Overall, the lack of increase in cytokine and chemokine
levels is most likely due to samples being taken systemically from the blood. Future work should
also investigate the inflammatory response locally by taking synovial fluid samples directly from
the elbow. Furthermore, the source these inflammatory cytokines (e.g., from resident cells in the
joint or immune cells recruited to the injury site) is unknown and could be investigated in the
future.
Alternate physical-based therapy approaches. To date, physical-based therapy
approaches have only included two methods: free mobilization and treadmill walking. Both
approaches leveraged an active form of therapy (as opposed to passive exercise) because the
benefits of active therapy are widely accepted in the clinical setting after traumatic elbow
injury.23 As discussed earlier (chapter 5 and 6), it is possible that neither approach represents the
optimal active therapy for preventing PTJC. Other methods such as trained reaching tasks could
be used to control the exact amount of limb use (e.g., number of repetitions for each task) as well
as the mechanics of the limb (e.g., amount of flexion-extension required to complete the task).
However, these types of interventions would be extremely time consuming. Another possibility
could be the use of large enrichment boxes containing jungle-gym type items (Fig 7.4; e.g.,
running wheel, tunnels, ladders, etc.).24 Such housing options have been promoted as a way to
provide a more ethical living environment but could also serve as means to prevent PTJC by
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encouraging a wide range of activities using the forelimb in a variety of different ways. Since no
training is required, there would likely not be an appreciable increase in the time required to
implement the “therapy,” which could actually save time when compared to the utilization of
treadmill walking. However, some quantification of overall activity level and time spent using
each piece of equipment might be necessary. This could be accomplished by mounting a video
camera overhead and recording activity. If the various jungle-gym items were separated into
specific parts of the cage, image thresholding could be used to quantify the exact amount of time
animals spent on any particular piece of equipment based on their location in the box. Another
similar but simpler option would be to implement a single enrichment that includes
tracking/monitoring; one commercially available example would be an instrumented running
wheel that tracks time and distance that animals spend running.

Fig. 7.4 A rodent cage
promoted for more ethical
housing could be adapted to
serve a “physical therapy
gym” by encouraging a wide
range of active forelimb use.
(Fig. 1 in Grimm D. The
happiness project. Science
2018;359(6376):624-627.)
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It would also be interesting to investigate the effect of elbow orientation during
immobilization on final outcomes. Currently, the injured limb is immobilized in flexion at
approximately 25° (Fig 7.5).25 Given this position of fixation, it is not surprising that ROM is
almost exclusively lost in extension, meaning normal flexion is maintained but limbs are not able
to fully extend. Varying the immobilization angle to be in a flexed, neutral, or extended position
would likely have an effect on measured outcomes. One possibility is that fixation in a different
position (e.g., in full extension) might just shift the losses in ROM from extension to flexion
without any change in magnitude of the total ROM lost.

Fig. 7.5 (A) Bandaging to provide unilateral elbow immobilization following injury. (B) Lateral radiographs were
taken to measure the flexion angle (red arrows) of each immobilized limb. (adapted from Fig. 3 in Lake S et. al.
Development and Use of an Animal Model to Study Post-Traumatic Stiffness and Contracture of the Elbow. J Ortho
Res. 2016;34(2):354-64.)

Biological-based therapy approaches. While the focus of this work has been on
physical-based approaches preventing or treating elbow PTJC, biological approaches could serve
to compliment those treatment strategies or as stand-alone options. Several preliminary studies
have been conducted to determine their possible therapeutic benefit.
Statins are a family of FDA-approved drugs used to treat hypercholesterolemia and have
been shown to reduce fibrosis in several different tissues including muscle,26 lung,27 and skin.27
These anti-fibrotic effects are found most consistently for a statin called simvastatin. Losartan,
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another clinically-available drug approved as an anti-hypertensive medication, has been shown to
reduce fibrosis in tissues such as lungs28 and muscle.29 However, the potential impact of either
drug on connective tissues and joint contracture is unknown. Two preliminary studies altering
the dosing and timing were conducted to determine if the drugs could prevent PTJC in the animal
model. Drugs were delivered via oral gavage during the immobilization period. Ultimately, no
improvements were observed as a results of drug treatment at day 84 (Fig 7.6). However, it is
likely that systemic delivery as opposed to local delivery to the joint was a factor in treatment
being ineffective. Future work could deliver these or other drugs with known anti-fibrotic effects
locally to determine their effectiveness.

Fig. 7.6 No improvements were
observed in ROM at day 84 as a
results of drug treatment during the
42-day immobilization period. (SV
= simvastatin; LS = losartan; oneway analysis of variance, post-hoc
comparisons to controls with
Bonferroni corrections, p < 0.05).

In addition to drug strategies, preliminary studies in this animal model have also explored
the use of the naturally occurring peptide hormone relaxin-2 for the treatment of already
contracted elbows. The relaxin hormone increases tissue laxity by promoting matrix
metalloproteinase (MMP) production and by repressing collagen production and expression of
tissue inhibitors of metalloproteinases (TIMPs) and transforming growth factor beta-1 (TGFβ1).30 Relaxin has previously been used as an anti-fibrotic treatment to restore glenohumeral
ROM in shoulder arthrofibrosis in rats.30 Preliminary studies altering the dosing and injection
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location were conducted to determine if relaxin-2 could restore elbow ROM in the animal model
of PTJC. Relaxin-2 was delivered locally via multiple intraarticular injections to the elbow at the
beginning of the free mobilization period. Results showed a possible beneficial effect in a subset
of animals receiving the dose in the posterior joint; however, overall group improvements were
not observed (Fig. 7.7). Future work could optimize the dosing strategy by further increasing the
concentration of relaxin-2 or by adjusting the timing of delivery. Relaxin-2 was delivered after
42 days of immobilization; administration of earlier injections could perhaps produce better
results as a preventative measure rather than solely as a treatment strategy.

Fig. 7.7 No improvements were observed
in ROM at day 84 as a results of relaxin-2
treatment. However, a few animals
receiving a posterior injection regardless of
dose did show improvements in ROM.
(P50 = posterior injection with low dose;
P100 = posterior injection with high dose;
A100 = anterior injection with high dose;
one-way analysis of variance, post-hoc
comparisons to controls with Bonferroni
corrections, p < 0.05).

These suggested future projects will further build upon the successes of this body of
work. Specifically, further model characterization measuring ROM longitudinally with an in vivo
testing device, investigating temporal differences between sexes, exploring bone morphological
and soft tissue histological outcomes, and quantifying the inflammatory response due to injury
and immobilization will help inform physical- and biological-based therapeutics aimed at
preventing or treating elbow PTJC. This body of work greatly advanced our understanding of
elbow PTJC, and will lead to important future research addressing this debilitating clinical
condition.
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